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PREFACE
On behalf of the organizing committee, I would like to welcome all participants to the 6th EurAsia Waste Management Symposium (EWMS)
2022 in Istanbul, Turkey. The symposium is jointly organized by Yildiz Technical University Environmental Engineering Department, ISTAC Inc.,
and International Waste Working Group, and supported by the Ministry of Environment and Urbanization. It is my pleasure to thank to all these
organizations for their collaboration.
Our life and professional activities have recently been affected by Covid-19 pandemic that expands across the globe. Unfortunately, scientific
symposiums are also affected by this global issue. Believing in the importance of these academic meetings, Eurasia 2022 Waste Management
Symposium has moved to be both in-person and virtual implemented, as well.
Waste Management is currently the most common problem for both developed and developing countries. Because of increased environmental awareness, the impact of waste management and disposal activities on environment has turn into a very important issue. Thus, knowledge
on the sustainable waste management, public relation, design and operation of disposal facilities, process and emissions, monitoring, and
other environmental aspects are of high importance.
Sustainability, can be summarized as a system that protects our natural resources, reduces energy consumption and protects the environment.
In the linear economy model, which has been applied for a long time, the negative effects of take-make-dispose applications have started to
be seen on a regional and global scale. In this economy model, waste is considered as an undesirable output that needs to be disposed of,
resources are used intensively, waste occurs not only in the consumption phase but also in the production phase. The transition to a new economic model has become inevitable, as resource consumption occurs faster than resource renewal. There is no doubt that the economic model
that takes into account the needs of future generations by minimizing the negative effects on natural resources and the environment is the
circular economy model.
In parallel with the developments in the world on circular economy, studies in Turkey have increased exponentially in recent years. Important
steps have been taken by our Ministry of Environment, Urbanization and Climate Change regarding recycling, which is one of the important
points of the circular economy, and the most important one is undoubtedly the "Zero Waste" Project launched in 2017. Yıldız Technical University, one of the most established universities in Turkey, has also succeeded in being the first university to receive a "Zero Waste" certificate, with
its studies carried out within the scope of sustainability and zero waste practices.
EurAsia Waste Management Symposium is organized for the sixth time in our university joining distinguished colleagues who come from
different countries and from different cities of Turkey to share their knowledge and experience. EWMS has been the premier symposium for
the presentations of technological advances and research results in the field of waste management.
As before, the objective of the symposium is to give researchers, engineers and students an opportunity to get together for the dissemination
of the international state-of-the-art and recent advances in the field of waste management and to enhance future collaborative research
activities between scientists from Eurasia region as well as from other countries. The participants will share their knowledge of the latest
progress, breakthroughs and exchange their views on possible solutions for various issues related to waste management.
The program includes 6 keynotes and 1 plenary on a range of important and current topics, 18 parallel sessions for oral presentation and a
poster session. The invited lectures were delivered by well-known experts in the field (Prof. Dr. Raffaello Cossu, Prof. Dr. Sadhan K. Ghosh, Prof.
Dr. Sanhya Babel, Prof. Dr. Dezhen Chen, Prof. Dr. Michael Nelles, Prof. Dr. Ian D. Williams).
Through the symposium, 132 presentations will be discussed in various topics such as waste management and zero waste strategies, electronic waste management, plastic waste and microplastics, hazardous and industrial waste management, construction and demolition waste
management, processing of organic waste fractions, landfilling, collection, transportation and characterization of waste, new green deal in
waste management, waste-to-energy, thermal technologies, treatment and disposal of sewage sludge, material recovery from incineration
ashes ,etc.
I definitely believe that the 6th EurAsia Waste Management Symposium will provide the opportunity to discuss and evaluate the current and
future regional waste management strategies and recycling projects across the Asian and the European regions.
It is my pleasure to thank all the sponsoring companies attended to the Symposium. I would also convey my thanks to all the members of the
Scientific Committee for their contribution during the reviewing process of the papers. I would also like to thank all the local organizing
committee members of EWMS 2022.
I wish all participants to enjoy the Hybrid Symposium and hope to meet you in 7th EurAsia Waste Management Symposium in 2024.

Sincerely,
Prof. Dr. Ahmet DEMİR
Chairman of the Organizing Committee
Yildiz Technical University, Turkey
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Opening Program
08:30

REGISTRATION
Opening Ceramony

09:30

Prof. Dr. Ahmet Demir
(Chairman of EurAsia Waste Management Symposium 2022)
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Fatih Hoşoğlu
(Deputy General Manager of ISTAC Inc)
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Prof. Dr. Şükrü Ersoy
(Dean of Civil Engineering Faculty, Yildiz Technical University)

10:15

Prof. Dr. Tamer Yılmaz
(Rector of Yildiz Technical University)

10:30

Prof. Dr. Mehmet Emin Birpınar
(Deputy Minister of the Ministry of Environment, Urbanization and Climate Change)
Opening Panel : Moderator: Prof. Dr. Raffaello Cossu

10:30

11:10

Fatih Hoşoğlu
(Deputy General Manager of ISTAC Inc)
Sadiye Bilgiç Karabulut
(Head of Circular Economy and Waste Management Department, Ministry of Environment, Urbanization and
Climate Change, Directorate General of Environmental Management)

11:50

Prof. Dr. Bestami Özkaya
(Vice Rector of Yildiz Technical University)

12:30

LUNCH
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24.10.2022 MONDAY
HALL 1

HALL 2

Session 1-A : Plastic Waste and Micro-plastics

Session 1-B : Electronic Waste (WEEE)
Management

HALL 3
Session 1-C : Industrial Waste Management

Session Chair: Prof. Dr. Sadhan K. Ghosh Session Chair: Prof. Dr. Perihan Binnur Kurt Karakuş

14:00

14:00
102_Keynote_Unraveling Microplastics
Removal in Conventional Wastewater
Treatment Plants in Thailand
S. Babel, K. Tadsuwan

14:15

096_Management of Waste Electrical and
Electronic Equipment in Türkiye
M.E. Birpınar, R. Akdeniz, S. Bilgiç
Karabulut, S. Ayhan, S.B. Küçük

025_Gaseous Elemental Mercury Emissions
from Selected E-Waste Processing Facilities
in Turkey
14:15
14:15
P.B. Kurt-Karakuş, M. Odabaşı, M.Ö.
Akçetin, A. Birgül, M. Kara, Y. Dumanoğlu,
J. Syed, F. Wania

044_Anaerobic Degradation of Disposable
042_Pre-Treatment Procedure for Effective
Bioplastics
Bioleaching of Metals from Large Waste
M.P. Bracciale, G. De Gioannis, M.
14:30
14:30
Printed Circuit Board (WPCB) Pieces
Falzarano, A. Muntoni, A. Polettini, R. Pomi,
R. Konakcı, M. Pekcan, Y.Ç. Erşan
A. Rossi, F. Sarasini, D. Spiga, J. Tirillò

14:45

071_Occurrence of Microplastics in
Industrial Wastewaters
O. Altuntaş, O. Karakurt, F.D. Sanin

028_Treatment of Citrus Juice Process
Wastewater with UASB and Biogas
Production
S.G. Durak, S. Acarer, G. TürkoğluDemirkol
206_A Pilot Scale Modified High-Rate
Contact Stabilization Process for EnergyNeutral Wastewater Treatment
E. K. Demir, D. Sancar, E. Şahinkaya, B.
Çallı, N. Semerci

150_Color Removal from Synthetic Textile
Wastewater Using a Pilot-Scale Anaerobic
14:30
Bioreactor
A. Cemanovic, O.A. Arıkan, Ö. Çınar

024_Stockholm Convention Flame Retardant
Emissons from Selected E-Waste
073_Performance of Terbutryn Removal by
Processing Facilities in Turkey
Adsorption on Hdtma-Organoclay
14:45
14:45
M. Odabaşı, P. B. Kurt-Karakuş, A. Birgül, Y.
D.A. Çınar, D. B. Bartan, E. Ceylan, M.
Dumanoğlu, M. Kara, M. Ö. Akçetin,
Dönmez
J. Syed

023_Microplastic Discharge from a Plastic
15:00 Recycling Industry Wastewater in Turkey 15:00
E.B. Çolakoğlu, İ. Uyanık

15:15

14:00

Session Chair: Prof. Dr. Yaşar Avşar

142_Adsorption of Divalent Heavy Metals
151_Liquid Crystals Recycling from End-ofOnto Hydrochar Derived from Lavandin:
Life LCDs
15:00
Synergetic Effect and Related Surface
A.L Barrera, C. Binet, F. Dubois , P.A.
Modification S.S. Baran, C. Lomenech, G.
Hébért , P. Supiot, C. Foissac, U. Maschke
Verger-Dubois, C. Hurel

193_Microplastic Pollution in Wastewater
108_The Selection of Recycling Methods for
Sea Discharge and Deep Sea Discharge
Waste Lithium-Ion Batteries (LIBs) Used in
Stations into the Marmara Sea and the
15:15 Electric Vehicles by Multi-Criteria Decision 15:15
Bosphorus
Making
S. Karacam, B.Takataş, N.B. Turan, H.S.
M. Öztürk, E. Evin, A. Özkan, M. Banar
Erkan, G.O. Engin

039_Investigation of The Usability of the
Electrocoagulation Method in Malachite
Green Removal from Water Solutıon
H. Arslan , K. Salıcı , M. Gün, M. Yalvaç

049_A Comparative Sorption Study for
050_Simultaneous Removal of Liquid Crystal
124_Study of The Discoloration of Organic
Phenol & Tricholorophenol onto Polyethylene
and Indium from Waste LCD Panel utilizing
Pollutant “Basic Fuchsin” Using an Advanced
15:30
Type Microplastics
15:30
Water at Subcritical State
15:30
Oxidation Process
A. Adan, B. Koçaş, M. Özdemir, F.D. Sanin,
S. Izhar, H. Yoshida, E. Nishio, Y. Utsumi,
H. Naima, O. Bechiri
İ. İmamoğlu,
N. Kakimori

15:45

16:00

COFFEE BREAK

15:45

119_Determining the Most Appropriate
Upcycling and Recycling Methods for the
Management of Waste Printed Circuit
Boards
Z.G. Elmas, Z. Günkaya, A. Özkan, M.
Banar

15:45

16:00

COFFEE BREAK

16:00

COFFEE BREAK
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Session 2-A : Waste Management and Zero
Waste Strategies

Session 2-B : Sludge Treatment and Disposal

Session 2-C : Recovery of Materials from
Incineration Ashes

Session Chair: Prof. Dr. Osman A. Arıkan

Session Chair: Prof. Dr. F. Dilek Sanin

Session Chair: Prof. Dr. Hanife Büyükgüngör

033_How Do Microplastics Coming from
084_Legal Framework for Bottom Ash
Water Bottles Act in Anaerobic Digestors? 16:15
16:15
16:15
Utilization in the Czech Republic
101_Keynote_Role and Design of Sustainable
Case of Pretreatment or Not
M. Šyc, J. Hykš, T. Baloch, J. Valentin
Landfilling as Final Sink in Circular
M.D. Hatinoglu, F.D. Sanin
Economy Cycle
059_Examination of Nylon Microplastics
085_Possibilities of Resource Recovery and
R. Cossu, V. Grossule, M. C. Lavagnola
Under Mesophilic and Thermophilic
Utilization of MSWI APCr
16:30
16:30
16:30
Anaerobic Digestion Process
E. Korotenko, M. Šyc , L. Grič, T. Baloch, J.
İ. Şimşek, F.D. Sanin
Jadrný
163_Monitoring The Solid Waste
109_Mixing Effect on Bio-Methanation and
107_Composite Phase Change Materials
Management Using GIS And GPS: Study
Dewaterability of Primary and Secondary
16:45
16:45
16:45
Production from Waste Polyethylenes
Area of Sheikh Saad, Wasit, Iraq
Sludge
H. Akgün, Z. Günkaya, A. Özkan, M. Banar
J.I. Al-badri,S.Mat Taib, M.B. Yusof, N.
D. Erdirençelebi, R. Yiğit
Saman

17:00

095_Developments in Municipal Waste
Management in Türkiye and The Climate
Change Context
17:00
M.E. Birpınar, R. Akdeniz, S. Bilgiç
Karabulut, D. Erdoğan

093_Cost Benefits of Zero Waste Approach:
Packaging Waste Management in İTÜ
17:15
17:15
Ayazağa Campus
K.E. Maçin, K. Özçelik, O.A. Arıkan

164_Municipal Waste Incineration Fly Ash
111_Long Chain Fatty Acids in Sewage
Engineering Applications With a View to
Sludges
17:00 Reducing Leaching of Heavy Metal Pollution
D. Erdirençelebi
M. Jamalimoghadam, A. H. Vakili, A.
Saffarzadeh, K. Ulutaş
015_Co-Digestion Potential of Different
Industrial Sludge Sources and Impact on
17:15
Energy Recovery
M.S. Caliskan-Temel, C. Yangin-Gomec

165_Physicochemical Characterization of
Size-Fractionated Municipal Solid Waste
Incineration Ash for Metal Recovery
A. Saffarzadeh, R. Tanaka, T. Shimaoka

17:30

187_Evaluation of the Environmental
140_Biodegradation of High Cellulose-Lignin
201_Characterization of Poultry Litter Ash in
Dimensions of Sustainability in Terms of
17:30 Content Agricultural Wastes in Bioreactors 17:30
Environmental Point of View
Businesses
Y. Kılıç, R.G. Yılmaz Çinçin, O.N. Ağdağ
İ. Acar
S. Oztaş, N. Bektaş

17:45

045_Geospatial Alternatives for Mapping
Environmental Hazards of Dumped
17:45
Municipal Solid Waste
K. Mahmood, F. Faizi, Y. Yildrim

181_Energy Potential of C4-Sweet Sorghum
Fertilized with Biomass Ash Vermicompost
17:45
under Bitlis Ecological Condition
G.A. Turp,S. Özdemir

GALA DINNER (YILDIZ HISAR)

19:00

25.10.2022 TUESDAY
09:00
17:00

POSTER PRESENTATIONS (FOYER AREA)
Session 3-A : Thermal Conversion
Technologies

Session 3-B : Plastic Waste and Micro-plastics

Session 3-C : Landfilling

Session Chair: Prof. Dr. Michael Nelles

Session Chair: Prof. Dr. Sandhya Babel

Session Chair: Prof. Dr. Çiğdem Yangın Gömeç

128_Effect of CR-39 Plastic Lens Particles
173_Treatment of Leachate by Using Black
Concentration on Biochemical Methane
Soldier Fly Larvae: Effect of Organic Content
09:15
09:15
09:15
Potential of Organic Wastes
Load and Concentration
103_Keynote_Waste Salts Management and
X. Zhao, J.Y. Kim
V. Grossule, R. Cossu, M.C. Lavagnolo
Recycle in China
D. Chen
080_Interaction of Microplastics with
149_Factors Affecting Stability and Slope
Organics: Ecosystem Impacts and
09:30
09:30
09:30
Failure of Landfill Sites: A Review
Equilibrium Modeling
E. Ekinci, E. Arslankaya
Y. Uçkan, M.K. Türkan, İ. İmamoğlu
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133_Evaluating Compost for Hydrogen and
Methane Rich Gas Production via
09:45
09:45
Supercritical Water Gasification
E. Yıldırır, N. Cengiz, L. Ballice

125_Comparison of the Distribution of H2SCOS at Equilibrium Conditions and SteadyState Conditions in the Synthesis Gas During
10:00
10:00
Passing Through the Empty Column
C. Doğan, B. Çetin, S. Martini, S.
Retschitzegger

10:15

086_Investigation of the Impact of Landfill Age
and Climate Factors on Landfill Leachate
09:45
Characteristics
D. Ergene Şentürk, A. Aksoy, F.D. Sanin

138_Rehabilitation Methods for Open Dumps
and Its Global Applications: SmartEnvi EU
Project
126_Recycling Waste Plastic: An
O. N. Agdag, R. G. Yilmaz Cincin, S.
Implementation of the Circular Economy
Toprak, Y. Kaplan, R. Degirmenci,
F.
10:00
Principles or Just Pollution Shift
Agdag, S. Gebes, B. Cetin, E. De Angelis, K.
G. Yılan, A.G. Encino-Muñoz, P. Morone
Pikon, A. Kujumdzieva,
V. Petrova, C.
Panaitescu, D. Frulla, O. Dal, C. Balcik, K.
De Angelis,
F. Dinu, T. Nedeva, M.
Bogacka

137_Effect of Temperature and Flow Rate on
079_Triclosan Sorbs Highly on Microplastics
110_Biobar: A Proposal of Biological Barriers
Agricultural Waste Gasification
10:15
E.Y. Özen, Ü.D. Türkeli, G. Çiftçi, M.
10:15
for A Sustainable Landfill Design
R.G. Yılmaz Çinçin, A. Öngen, O.N. Ağdağ
Özdemir, F.D. Sanin, İ. İmamoğlu
A.K.M. Morita, M. Burmøll, M. Regadio

200_Marble Sludges As Environmentally
Friendly Catalysts in Olive Pomace
10:30 Pyrolysis: Effect of Sludge Composition on 10:30
Pyrolysis Products
G. Göktepeli, E. Yel

202_Review Paper of The Plastic Wastes
139_Treatability of Landfill Leachate Using
Recycling Industries in Kenya.
10:30
Three-Stage Hybrid System
M.K. Koech, T.A. Busolo
A.İ. Erbaş, R.G. Yılmaz Çinçin, O.N. Ağdağ

132_Phthalates in PET Bottles: Assessment
of Human Exposure and Load to Landfills
10:45
10:45
H.K. Gül, G. Salihoğlu, İ. Ethem Gören, N.
Daglioglu, P. Kurt-Karakuş

10:45

11:00

182_Microplastics Removal from Solid
Waste Landfill Leachate by
Electrocoagulation Process
H.H. Emik, H.S. Erkan, G.O. Engin

COFFEE BREAK

11:00

COFFEE BREAK

11:00

198_Sudy of Factors Influencing Leachate
Characteristics Before Treatment
F.Z. Derias
COFFEE BREAK

Session 4-A : Waste to Energy

Session 4-B : Processing of Organic Waste
Fractions

Session 4-C : Collection, Transport and
Characterization of Waste

Session Chair: Prof. Dr. Ian D. Williams

Session Chair: Prof. Dr. İpek İmamoğlu

Session Chair: Dr. Kamil B. Varınca

196_Agro Ecological Compost Production
094_Waste Management Cost Reduction in
from Solid Fermented Products by Bokashi
Istanbul: Municipal Waste Transportation on
105_Keynote_ Recovery of Organic Waste
11:15
11:15
Method
11:15
Railway
and Residues (in Germany) – The Role in
C. Koca, E. Atilla , M. Gençosmanoğulları,
F.E. Sezer, K.E. Maçin, A. Benlioğlu, O.A.
the Energy System, Bioeconomy and
M.F. Peker, F. Hoşoğlu
Arıkan, İ. Demir
Climate Protection
030_A
Comparison
of
Environmental
112_Effects
of Route Planning and
M. Nelles, G. Morscheck, S. Narra, A.
Impacts
of
Different
Nutritional
Diets
Via
Life
Optimization
with
Intelligent Routing
Nassour
11:30
11:30
Cycle Assessment
11:30
Software on Fuel Consumption and
I. Kelhafız, A. Özdemir, A. Özkan, Z.
Environment
Günkaya, M. Banar
Z.Ö. Duru, N.H. Orak
115_Environmental Benefits of Food Wastes:
Water Treatment and Energy Source
11:45
11:45
H. Çelebi, M. Bilgin , G. Gök, H. Kızıltan, O.
Gök

208_Life Cycle Assessment of Three
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Unraveling Microplastic Removal in
Conventional Wastewater Treatment Plants
in Thailand
Sandhya Babel 1, Katekanya Tadsuwan1*
Abstract
A wastewater treatment plant (WWTP) is a pathway for microplastics (MPs) to enter aquatic environments.
To date, WWTPs are not designed to completely remove this emerging pollutant. This study compares MP
abundances removal efficiencies of three conventional WWTPs (A, B, and C) located in Bangkok, Thailand.
Three WWTPs utilize different configurations for treating wastewater. Technologies for secondary
treatments in three WWTPs are vertical loop reactor (WWTP-A), activated sludge process (WWTP-B), and
4-pass step-feed biological nitrogen removal (anoxic-aerobic) (WWTP-C). WWTP-C is an underground
closed system with pilot-scale ultrafiltration (UF) unit as a post-filtration step. MP abundances in the
influent of WWTP-A, B, and C were 26.6±11.8, 16.55±9.92, and 77±7.21 MPs/L, respectively. WWTP-C
achieved the highest removal efficiency of 86.14% followed by WWTP-B (78.73%) and WWTP-A (44.55%).
MPs were largely removed after the grit trap in WWTP-A, whereas the removal rates by the final
clarification were higher in WWTP-B and WWTP-C than by primary treatments. The overall removal
efficiency was enhanced to 96.97% in WWTP-C after the UF unit. The size fraction of 0.05-0.5 mm
dominated three WWTPs, and the most abundant type of MPs was fibers. MPs were identified by a Fourier
Transform Infrared Spectroscopy (FT-IR). The major type of MPs in WWTP-A was polyester fibers, while
in WWTP-B and WWTP-C, polyethylene terephthalate (PET) was the largest proportion. The number of
MPs in sludge samples ranged from 8.12±0.28×103 to 4.74±1.55×104 particles per kg of dried sludge.
After anaerobic digestion, sewage sludge is applied to agricultural soil. It might be a potential route for
MPs to terrestrial environments. This study indicates that the design and the characteristics of MPs
influence the removal efficiency of a WWTP. Advanced filtration as a final-polishing step can improve the
overall removal efficiency of a WWTP. However, three WWTPs have no primary sedimentation tank which
might enhance the removal of microplastics.
Keywords: Microplastics; Wastewater treatment plant; Biological process; Sludge; Ultrafiltration; FTIR
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Anaerobic Degradation of Disposable
Bioplastics
Maria Paola Bracciale 1, Giorgia De Gioannis 2, Marica Falzarano 3, Aldo
Muntoni 2, Alessandra Polettini 3, Raffaella Pomi 3, Andreina Rossi 3, Fabrizio
Sarasini 1, Daniela Spiga 2 and Jacopo Tirillò 1
Abstract
In the present study commercial Polylactic Acid (PLA) and Mater-Bi (MB) disposable cutlery available
on the market were selected for lab scale anaerobic degradability tests. The experiments were carried out
under thermophilic conditions at different food to microorganisms (F/M) ratios and test material size,
and the specific biogas production and associated kinetics were evaluated. PLA maximum biogas
production was comparable for almost all the experimental runs (1550-1670 Nml/gTOC) and only test
material size reduction appeared to result in higher yields. Mater-Bi items degradation was strongly
affected by product composition and resulted in lower yields. The specific methane yield ranged from 430
to 505 Nml/gVSfood for PLA runs and from 322 to 690 Nml/gVSfood for Mater-Bi runs.
Keywords: bioplastics, biopolymers, anaerobic digestion, biodegradability, polylactic acid

1. INTRODUCTION
Conventional fossil-based plastics are currently under scrutiny due to their acknowledged adverse
environmental impacts. At the European level, measures are being progressively implemented to reduce such
hazards, including banning the use of some common single-use plastic products as well as reducing the
number of plastic cups and containers by 2028. Bioplastics have been designed to represent a sustainable
alternative to one of the most versatile and used family of materials. Their market is constantly growing and
in 2021 bioplastics global production reached 2.42 Mton. Polylactic acid (PLA) and thermoplastic starch are
two of the most popular and widespread biopolymers, accounting respectively for 19% and 16% of the
production worldwide. What makes these materials extremely interesting is that they can be both bio-based
and biodegradable, therefore independent from fossil fuels extraction, and can be collected and treated
together with the organic fraction of municipal solid waste (OFMSW). The great advantage of this option is
the possibility to incorporate bioplastics in an already existing waste stream and to turn them into harmless
final products while recovering materials (and energy). However, commercial bioplastics are often obtained
by blending different polymers and additives, since biopolymers alone have poor physical and mechanical
1
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properties. This means that bioplastics have very different chemical compositions from one another that could
determine different degradation mechanisms.
A systematic assessment of bioplastic waste behaviour under controlled conditions is needed and the
environmental implications of the extensive use of bioplastics have to be clarified. In particular, degradation
in full-scale plants should be investigated to understand whether the existing facilities can treat bioplastics
and still work properly ([1], [2]). The share of bioplastics entering aerobic and anaerobic treatment plants is
currently at a level of ~3% [3], which is however expected to grow steadily over the next few years due to the
increasing use of such materials in commercial products, fostered by the ban of single-use recently introduced
by the EU. This means that the joint degradation mechanisms of bioplastics and OFMSW must be
investigated. In this study the degradation of some disposable PLA and Mater-Bi items was assessed under
thermophilic anaerobic conditions. The process kinetics and final yields were evaluated for different F/M
ratios and test material sizes.

2. MATERIALS AND METHODS
2.1. Analytical Methods
The process performance was evaluated by measuring the concentrations of total solids (TS), volatile solids
(VS), total organic carbon (TOC), soluble organic carbon (DOC), soluble carbohydrates, VFAs and lactic
acid (LA), both at the beginning and at the end of the experiment. These measures were performed according
to the Standard Methods for the Examination of Water and Wastewater [4]. Soluble carbohydrates and LA
content was determined with spectrophotometric analyses. Carbohydrates were analysed using the
colorimetric phenol-sulphuric acid method using glucose as the standard [5],while LA was measured
according to Borshchevskaya determination method [6]. The TOC concentration was measured using a
Shimadzu TOC analyser equipped with modules for the analysis of both liquid and solid samples. The biogas
was periodically sampled from the gasbags and its composition was determined by a gas chromatograph
(Model 5890 series II, Hewlett Packard). The concentrations of VFAs (acetic [HAc], propionic [HPr], butyric
+ iso-butyric [HBu], valeric + iso-valeric [HVal], caproic + iso-caproic [HCa], heptanoic [HHp]) and ethanol
(EtOH) were determined using a gas chromatograph (Model 6890N, Agilent Technology).

2.2. Feedstock Materials
Polylactic acid cups (PLA1) and plates (PLA2) along with Mater-Bi cups (MB1) and knives (MB2) were
selected among the single-use bioplastic items available on the market. The products were compliant with the
EN 13432 standard for packaging materials. All items were either manually cut into 1.5×1.5 cm squares or
powdered prior to the degradation tests. Pulverization was obtained through mechanical grinding with the
output size fixed at 1 mm. Mesophilic anaerobic sludge was collected at the outlet of a full-scale anaerobic
digestion plant treating a mixture of organic residues from food industries. The sludge was sieved to pass the
0.840 mm sieve size in order to remove the coarser fraction and was then used as the process inoculum.
Calcium lactate was used as a positive control to assess the validity of the experiment, according to ISO
14853 stating that a test is valid if the reference material’s biodegradation exceeds 70% within 60 days.
Substrates and inoculum characterization is shown in Table 1
Table 1. Main characterization parameters of substrates and inoculum

inoculum
PLA1 (cup)
PLA2 (plate)
MB1 (cup)
MB2 (knife)
calcium lactate

TS

VS

TOC

[%ww]

[%ww]

[gC/kg]

6.4%
99.6%
99.6%
99.7%
99.2%
77.5%

4.2%
99.6%
97%
67.1%
97.5%
42.3%

26.8
537.3
505.7
386.5
502.7
317.9

2.3. Experimental Setup
The biodegradation tests were carried out in 500 mL reactors equipped with overhead mechanical stirring
using the Gas Endeavour® apparatus by Bioprocess Control. The bottles were filled with 400 g of inoculum
and substrate mixture and then flushed with nitrogen to ensure anaerobic conditions. Temperature was fixed
at 55 °C and maintained constant with a thermostatic bath. The evolved biogas was conveyed from each
reactor to the coupled flow cell unit integrated with a data acquisition system for data recording/display and
stored in 5 L gasbags. The instrument was also equipped with sensors for room temperature and pressure
measurement that were used to convert the evolved gas volume to standard temperature and pressure
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conditions (T = 273.15 K, p = 105 Pa). Biogas collected in the gasbags was periodically analyzed for its main
constituents (H2, CH4, CO2) using gas chromatography. Blank tests were conducted to evaluate the residual
biogas production of the inoculum. The tests were carried out in duplicate at two different F/M ratios (0.5 and
1 gVS/gVS).
The details of the experimental runs are reported in Table 2. The incubation period was considered complete
when the daily methane production during three consecutive days was below 1% of the accumulated volume
of methane (Holliger et al., 2016). The results were modelled with the modified two-stage Gompertz equation
(Eq. 1):
!(#) = !!" ∗ exp *− ,-. /

0" ∗ ,
0# ∗ ,
(1" − #) + 145 + !!# ∗ exp *− ,-. /
(1# − #) + 145
!!"
!!#

where P(t) is the cumulative biogas production at time t, Pmi is the maximum biogas production of stage i, Ri
is the maximum biogas production rate of stage i, λi indicates the lag phase duration of the stage i. The
process kinetics was also evaluated through the t95 parameter, defined as the time required to reach 95% of
the maximum biogas production. The biodegradation ratio was calculated using the following equation (Yagi,
Ninomiya, Funabashi, & Kunioka, 2013):
6789,:;<9<#78= (#) =

!$%& (#) + !'( (#)
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where Pnet(t) is the actual (net of blank) cumulative biogas production at time t, PIC(t) is the actual (net of
blank) dissolved inorganic carbon (IC) and Pth is the theoretical biogas production calculated according to
Buswell & Mueller (1952). The IC content was indirectly calculated from the digestate pH and the CO2
partial pressure in the reactor’s headspace assuming thermodynamic equilibrium between the liquid and
gaseous phases. The theoretical biogas production was calculated from the Buswell equation using elemental
analysis to identify the main elements in the substrate.
Table 2 Experimental design. Note: test codes include (in this order) the bioplastic type, the F/M ratio and whether the
material was powdered

Run
PLA1_0.5
PLA1_1
PLA1_1powder
PLA2_1
MB1_0.5
MB1_1
MB1_1powder
MB2_1
MB2_1powder

Substrate size

F/M

[cm]

[gVSsubstrate/gVSinoculum]

1.5×1.5
1.5×1.5
<0.1
1.5×1.5
1.5×1.5
1.5×1.5
<0.1
1.5×1.5
<0.1

0.5
1
1
1
0.5
1
1
1
1

3. RESULTS AND DISCUSSION
The positive control tests exceeded 70% of degradation in 26 days (data not shown). According to the abovementioned criteria of Holliger et al. (2016), the tests were stopped after 38-45 d, with the exception of MB2
tests that carried on until day 60. In Figure 1, the evolution of specific biogas in terms of Nml/gTOCfood is
shown.
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Figure 1 Specific biogas production in terms of Nml/gTOC for PLA runs (a) and Mater-Bi runs (b). The dashed lines
indicate Gompertz interpolation projection beyond the day each test was stopped

All PLA runs attained a similar biogas production ranging between 1550-1670 Nml/gTOC. In particular,
regarding the effect of the operating parameters investigated, it was observed that material pulverization and
F/M ratio had a negligible effect on the process (Figure 1a). PLA2 showed a slower degradation kinetics
compared to PLA1, with 17% higher t95 values for PLA2_1 compared to PLA1 under same testing
conditions. This could be indirect evidence of the different chemical composition between the two materials
and it suggests that the additives in the PLA2 matrix delayed to some extent the degradation process. The
biogas evolution for Mater-Bi samples is reported in Figure 1b. The maximum biogas production for MB1
was 570-640 Nml/gTOC. An inverse correlation between the F/M ratio and the final biogas yield was
observed, so that biogas production was 12% higher for MB1_0.5. MB2 gave twice as much biogas as MB1,
although with slower kinetics. It can be reasonably assumed that the MB1 biogas yield was affected by the
presence of recalcitrant additives in the polymeric matrix that could have limited the bioavailability of
organic matter. Material pulverization for MB2 was effective in reducing the value of t95, suggesting that the
larger thickness of the knives may have affected the degradation process. Methane production varied over the
ranges 800-1000, 320-370 and 660-720 Nml/gTOC for PLA, MB1 and MB2 items, respectively (Figure 2).
As far as the biodegradation degree was concerned, PLA tests reached levels of 92-100%, while Mater-Bi
tests reached levels of 40-55% and 66-74% for MB1 and MB2 respectively, proving the large impact of
product composition and additives on the degradation process.

Figure 2 Maximum biogas production (Nml biogas/gTOCfood) and t95 parameter for the experimental runs. Methane
production is also indicated for each test

In addition, a mass balance of carbon at the end of the tests was carried out to track the fate of the organic
matter during the process (Figure 3). The following contributions to the overall amount of carbon were
considered: i) gasified carbon; ii) residual particulate carbon; iii) dissolved carbon in the form of undegraded
carbohydrates and organic acids; and iv) residual dissolved carbon (i.e., other dissolved carbon species than
those accounted in (iii)). The term balance accounts for the carbon mass lost due to analytical inaccuracies or
to sample heterogeneity and was accounted for to close the material balance. The values for the balance term
ranged from 2 to 8% for PLA runs and from 8 to 15% for Mater-Bi runs, indicating a good accuracy of the
calculated individual contributions to the mass balance terms.
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Figure 3 Carbon mass balance for the experimental runs

4. CONCLUSIONS
Single-use bioplastic items were subjected to anaerobic digestion tests to assess their degradation behaviour.
Biogas and methane yields were assessed in connection with the operating conditions of each test. The
influence of the operating conditions investigated (F/M ratio and material pulverization) was only evident for
the MB1 and MB2 tests respectively, therefore the investigation of these parameters may be extended to
evaluate the existing correlations with the degradation yield and kinetics.
Differences in the composition of bioplastics largely affected the degradation process, suggesting the
importance of accurate chemical characterization of test materials. The presence of additives in the polymeric
matrix seems to result in lower biogas yields and lower biodegradation degree, therefore the correlation
between products composition and degradation process should be further investigated. In particular, the
Mater-Bi’s heterogeneous composition strongly affects the material behavior when subjected to the
degradation process. The biogas yield of Mater-Bi items was on average 50% lower than for PLA. The
behavior of bioplastic waste needs further and careful evaluation. Their fate in existing anaerobic digestion
and composting facilities should be investigated and understood to avoid mismanagement of organic waste.
Different operating conditions or suitable pretreatments of the feed material must be explored to make
bioplastics degradation compatible with conventional full-scale digesters or to identify potential technological
improvements for them.
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Occurrence of Microplastics in Industrial
Wastewaters
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Abstract
Wastewater treatment plants (WWTP) constitute an important source of microplastics (MPs) for
environmental systems. Current studies indicate that industrial wastewaters are higher contributors of
MP pollution compared to domestic wastewaters; but studies are rare with industries and especially
organized industries. This study aims to determine MP amounts and composition originating from two
different Organized Industrial Zones (OIZs) that have high potential to contribute to general MPs
pollution due to high wastewater loads and various industrial activities leading to MPs production. The
study also aims to reveal the relationship of MP quantities and characteristics with production shifts
during the day and determine the effect of wastewater pre-treatment. To assess these, MPs in both OIZs
were sampled and analyzed in different sampling campaigns.
Keywords: Industrial wastewater; microplastics; organized industrial zone

1. INTRODUCTION
Microplastics (MPs) are small plastic particles with less than 5 millimeters in diameter. They have sparked
widespread concern due to their potential environmental harm. Wastewater treatment plants (WWTPs) are the
receiving environment for plastic particles delivered through domestic and industrial wastewaters, rainwater,
and landfill leachate. WWTPs play a critical role in reducing MP pollution in the environment [7]. Research
on WWTPs has an outstanding share among MP studies. Domestic WWTPs have received a lot of attention
in the literature. However, literature on the contribution of industrial wastewaters to MP pollution in general
is scarce. Additionally, the characteristics of MPs in industrial wastewaters are poorly defined. Towards this
end, this study aims to investigate the occurrence, characteristics and fate of MPs in mixed industrial
wastewaters while attempting to find a link between the industrial production shifts and MP amounts within a
day by two sampling campaigns conducted in a year. Two organized industrial zones (OIZ) from Ankara,
Turkey is selected for this study. OIZ-A stands out in terms of sectoral diversity and includes sectors such as
furniture, casting, food, electricity, electronics, textile, defense industry, chemistry, metal works and several
others. OIZ-A does not have a wastewater treatment plant; discharges its wastewater to the sewerage system
of the nearby municipality at a flow rate of approximately 3000 m3/day. OIZ-B includes sectors such as
construction and building materials, machinery, electrical electronics and chemistry OIZ-B has a WWTP that
provides physical/chemical/biological treatment (long aeration activated sludge system) with a capacity of
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2500 m3/day. While 81.9% of the wastewater coming to OIZ-B WWTP is industrial wastewater, 18.1% is of
domestic origin. Wastewater (domestic and industrial) comes to the WWTP with a flow rate of approximately
1200 m3/day and is discharged to a nearby stream after being treated with physical, chemical and biological
treatment units.

2. MATERIALS AND METHOD
Wastewater samples were taken in 5 L glass jars and brought into the laboratory. They were filtered through a
set of stainless steel sieves with 5 mm and 38 μm pore openings. The retentate of the 5 mm sieve was
discarded, 38 μm sieve was backwashed to a final volume of approximately 1L. Afterwards, the samples were
subjected to a pre-treatment according to our inhouse developed protocol shown in Figure 1, with the purpose
of removing organic matter. Fenton oxidation, based on a catalyzed forward oxidation reaction to separate
MPs from organic-rich environmental matrices was used as the pretreatment method. The MPs were floated
and extracted in two different salt solutions (sodium chloride and zinc chloride) and supernatants were
separated into size ranges through 38 μm, 425 μm and 1000 μm sieves, and counted under the fluorescent
microscope by Nile Red staining. MPs were retained on mixed cellulose ester (MCE) filters with a pore
opening of 0.45 μm, with a grid pattern for convenience in later stages. During the counting process, MPs
were also defined in shape. Afterwards, they were characterized by FTIR and Raman spectroscopy. All
throughout the experiments maximum attention was given for not using any plastic materials.

Figure 1. MP Analysis Protocol [4]

3. Quantification and Characterization of MPs
For fluorescent microscope analysis Nile Red dye was used to stain the MPs held on filters, then MPs were
incubated in dark for half an hour. Filters stained at the end of the incubation period were analyzed using the
5x and 10x objectives of the ZEISS Axio Scope.A1 Fluorescent Microscope with a GFP filter cube. Images
were followed from the computer environment with the Axiocam MRm camera and the glowing particles
were accepted as Nile Red positive MPs and their numbers and shapes were recorded. The shapes of MPs are
divided into three groups as fiber, fragment and film, which are given in Figure 2.

Figure 2. MP images under a fluorescent microscope. A, fiber type, B, fragment type, C, film type MPs.

4. Identification of MPs
Bruker Alpha-P FTIR spectrometer (4000-400 cm-1 wavenumber range and 4 cm-1 spectral resolution) and
Witec alpha300 series Raman microscope (532 nm wavelength laser, 1300 rel 1/cm spectral Center) were
used together for the determination of MP species. Considering their size, relatively large MPs were analyzed
using ATR-FTIR and small MPs using Raman microscopy. Measurements were made by taking random Nile
Red positive MPs from the filters with the assumption of homogeneous distribution.
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5. RESULTS AND DISCUSSION

Although Nile Red dye allows to distinguish plastics by fluorescent effect in MP counts with fluorescent
microscopy, it can also stain some organic materials and may give false positive images. Therefore, after
counting under fluorescence microscope, the samples were subjected to spectroscopic analysis and the final
decision on whether the particle was plastic or not was made after FTIR/Raman measurements. In Table 1,
the MP numbers obtained in all samples taken within the scope of the study are given as MP/L according to
the sampled location and sampling time.
Table 1. MP Abundances, shape and size distributions

OIZ-B WWTP
Effluent

OIZ-B WWTP
Influent
1

12.301
12.352

38-425 μm
MP (%)

425-1000 μm
MP (%)

1000-5000 μm
MP (%)

MP Abundance (MP/L)

Size

Film MP (%)

MP Abundance (MP/L)

1000-5000 μm
MP (%)

425-1000 μm
MP (%)

-

Shape
Fragment MP (%)

10.052

38-425 μm
MP (%)

Size

Film MP (%)

Fragment MP (%)

Fiber MP (%)

Sampling Hour

Shape

2nd Sampling Campaign

Fiber MP (%)

OIZ-A Collection
Channel

Location

1st Sampling Campaign

23.4

53.1

23.5

97.4

1.8

0.8

99

12.9

83.4

3.7

96.4

2.1

1.4

166

19.8

60.3

19.9

92.2

6.1

1.8

78

16.301,2 11.6

83.9

4.4

96.2

3.2

0.6

101

19.0

61.3

19.8

90.6

8.5

1.0

105

9.001,2

20.6

64.3

15.1

88.1

11.0

0.9

69

10.9

73.4

15.7

94.2

4.5

1.3

62

12.301,2 22.5

57.2

20.3

88.6

10.0

1.5

81

20.4

60.6

19.0

85.4

11.1

3.5

68

16.001,2 19.8

65.4

14.8

93.5

6.2

0.2

81

17.5

68.3

14.2

96.3

3.0

0.8

78

09.301,2 12.2

78.2

9.6

94.0

5.1

0.9

16

17.6

65.0

17.4

92.1

6.3

1.6

6

13.001
13.102

22.8

71.5

5.7

95.4

4.6

0.0

19

21.8

51.2

26.9

95.5

3.3

1.2

12

16.301,2 13.8

81.6

4.6

96.3

3.7

0.0

12

23.9

52.0

24.1

87.8

9.6

2.5

6

Sampling time for first campaign, 2 Sampling time for second campaign.

As shown in Table 1, the number of MPs coming to the OIZ-B WWTP with wastewater is 69 MP/L on
average over three sampling hours. As in the first sampling campaign, 1-3% are the largest MPs and 3-12%
are medium size; the remainder (between 85-96%) are in the size range of 38-425 µm. On the other hand, it is
seen that the average of three samples in WWTP effluent is 8 MP/L. A MP removal efficiency of 88%
observed in WWTP seems to be consistent with the findings [1] and is slightly higher than the first campaign.
When the WWTP effluent MP sizes are examined, it is seen that the largest MP size was not encountered in
the first sampling hour, and this size constituted 2% and 4% of the total in the second and third sampling
hours, respectively. It can be said that the intermediate size range remained in the range of 4-8%, while the
MPs in the smallest size range remained proportionally within the margin similar to that of the influent (8894%). In the second sampling campaign, it is seen that WWTP provides similar effective removal for MPs of
all size ranges, since the average percentage distributions of particles in all size ranges in wastewater remain
similar at the inlet and outlet. In general, there is no significant change in the shape of MP, but it is seen that
the shapes changes between the first and second sampling hours, while second and third sampling hour are
similar to each other. It is seen that the most common shape at the effluent is fragment again (67% on
average), and fiber and film have similar occurrence rates of 16% on average. A higher difference is observed
in the effluent, again depending on the time of the day. It was observed that the fragment shape was yet again
dominant, but the distribution has decreased to 56%. On the other hand, the ratio of MPs in fiber and film
shapes increased to 21% and 23%, respectively.
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6. Quantification and Characterization of MPs
7. OIZ-A First Sampling Campaign
As can be seen in Table 1, the great majority of MPs (97-98% of the particles) are in the 38-425 µm range for
both sampling times (in this location, the first sample of the day could not be taken due to an infrastructural
problem) in OIZ-A. Only 1% to 2% of the total MPs are located in the 1,000-5,000 µm and 425-1000 µm size
ranges. This result is also in line with previous studies in the literature ([1], [2], [6]). It is seen that there is no
difference in this case between the two sampling hours. It is seen that the shape distribution of MPs is high in
fragment (approximately 85%), then in fiber (around 12%) and in the least amount in film (approximately
4%). There is no significant change in MP shape distribution between the two samples. These distributions
are similar to [8].and [11].

8. OIZ-B First Sampling Campaign
As shown in Table 1, the number of MPs coming to OIZ-B WWTP with wastewater is 77 MP/L, on average
over three sampling hours. Of this number, around 1% are the largest MPs, 10% are medium size, and the rest
(around 89%) are in the 38-425 µm size range. On the other hand, it is seen that the average of three
samplings at the AAT output is 16 MP/L. In the first sampling campaign, a MP removal of 79% is seen in
OIZ-B. When the WWTP effluent MP sizes are examined, it can be said that the largest size is not seen, the
second size also decreases proportionally (around 4%), while the smallest size MPs increase proportionally
(95%). WWTP appears to remove MPs in all size ranges quite effectively (86% removal for intermediate
size, 79% removal for small sizes).In general, there is no significant change in the shape of MP in the influent
and the effluent wastewaters, except the second sampling hour, where film shapes increase slightly in the
influent and fiber shapes increase in the effluent while fragment decreasing in both. It was observed that the
most common shape was fragment, followed by fiber, and the lowest amount was in the film shapes. Few
changes in the WWTP effluent are also present, again in the second sampling hour, where the fragment shape
was again dominant but its ratio increased (from 62% to 77%) in the effluent. On the other hand, the
proportion of MPs in fiber and film forms decreased.

9. OIZ-A Second Sampling Campaign
As can be seen in Table 1, the largest size range of 1000-5000 µm still remains around 1%, but the percentage
of MPs in 425-1000 µm size range increased from 2% and 9% throughout the day while MPs in the range of
38-425 μm have decreased from 97% to 90%. These results are generally similar to the first campaign and is
consistent with the findings in the studies in the literature that the highest MP size in wastewater is in the
small size range ([1], [2], [6]). Table 1 also shows that the shape distribution of MPs is again high in
fragments (between 50-60%), then in fiber (in the range of 19-23%) and then in a film structure
(approximately 20-24%). It is also seen that the fiber and film ratios are higher (between 23-24%) in the first
sampling hour compared to the later sampling hours, while the fiber and film amounts decrease to the range
of 19-20% in the other sampling hours. As a result, it is seen that the MP shapes have changed somewhat in
the second sampling and in general fragment shapes have decreased and between the campaigns.

10. OIZ-B Second Sampling Campaign
As shown in Table, the number of MPs coming to the OIZ-B WWTP with wastewater is 69 MP/L on average
over three sampling hours. As in the first sampling campaign, 1-3% are the largest MPs and 3-12% are
medium size; the remainder (between 85-96%) are in the size range of 38-425 µm. On the other hand, it is
seen that the average of three samples in WWTP effluent is 8 MP/L. A MP removal efficiency of 88%
observed in WWTP seems to be consistent with the findings in [1] and is slightly higher than the first
campaign. When the WWTP effluent MP sizes are examined, it is seen that the largest MP size was not
encountered in the first sampling hour, and this size constituted 2% and 4% of the total in the second and
third sampling hours, respectively. It can be said that the intermediate size range remained in the range of 48%, while the MPs in the smallest size range remained proportionally within the margin similar to that of the
influent (88-94%). In the second sampling campaign, it is seen that WWTP provides similar effective
removal for MPs of all size ranges, since the average percentage distributions of particles in all size ranges in
wastewater remain similar at the inlet and outlet. In general, there is no significant change in the shape of MP,
but it is seen that the shapes changes between the first and second sampling hours, while second and third
sampling hour are similar to each other. It is seen that the most common shape at the effluent is fragment
again (67% on average), and fiber and film have similar occurrence rates of 16% on average. A higher
difference is observed in the effluent, again depending on the time of the day. It was observed that the
fragment shape was yet again dominant, but the distribution has decreased to 56%. On the other hand, the
ratio of MPs in fiber and film shapes increased to 21% and 23%, respectively.
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12. . OIZ-A
The polymer type distribution in the samples taken from OIZ-A at the first sampling campaign is shown in
Figure 3 and at the second campaign in Figure 3.

Figure 3. MP analysis results of the sample taken from the OIZ-A discharge point within the scope of the first sampling
campaign; plastic type distribution (%). Left: 12.30 sample, 16.30 sample

It is seen from the pie diagrams in Figure 3 that plastic types change during the day. In the sample taken at
12.30, polyethyl acrylate (PEA) plastic is in the first place. It was observed that the amount of polyethylene
(PE) MPs following PEA in the second rank increased at 16.30 sample and rose to the first rank with a ratio
of more than 50% among all plastics, and the PEA MPs, which were in the first rank at 12.30, fell to the
second rank towards the 16.30. Nine different types of plastics were observed at both sampling times, of
which PE, PEA, polyurethane (PU), polypropylene (PP), ethylene propylene rubber (EPM) and polyvinyl
acetate (PVA) were observed at both sampling hours, but polyamide (PA), cellulose acetate (CA),
polybutadiene (BR) were seen only in the first sampling hour; polystyrene (PS), poly(methyl acrylate) (PMA)
and ethylene propylene diene terpolymer (EPDM) were seen only in the second sampling hour. This shows
that activities and wastewater loads can change slightly during the day and these can cause different types of
plastic discharges. On the other hand, although most of the measured polymers appear in the samples (EPM,
PVA, EPDM, etc.), their ratios and numbers are very low; corresponds to 2 or 3 particles in the whole
sample.

Figure 4. MP analysis results of the sample taken from the OIZ-A discharge point within the scope of the second sampling
campaign; plastic type distribution (%). Left: 10.05 sample, middle: 12.35 sample, right: 16.30 sample

It is observed from the pie diagrams in Figure 4 that plastic types change during the day. Nine species were
found in the sample taken at 10.05, eleven species were found in the sample taken at 12.35, and six types
were found in the sample taken in the evening. While PE was the dominant plastic type at 10.05 sampling,
PEA was the prominent polymer type in the 16.30 and evening samplings. It is seen that four plastics (PEA,
PE, PP and EPM) are observed in common every three sampling hours. PU was observed in the 10.05
sampling but not in the 12.35 and 16.30 sampling, polyethylene terephthalate (PET) was observed only in the
10.05 and 16.30 sampling, PVA and cellophane (CE) were observed in the 10.05 and 12.35 sampling but not
in the 16.30 sampling. Polyether urethane (PEU) and polyvinyl chloride (PVC) were only seen in 12.30
samples. From these results, it is thought that the activities change during the day and that these may cause
different types of plastic discharges.

35

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

13. . OIZ-B
The plastic type distribution of MPs measured in the samples taken from the inlet and the outlet of the
WWTP within OIZ-B for the first sampling campaign is given in Figure 5 and second sampling campaign in
Figure 6. Influent values are presented above and effluent values are presented below.

Figure 5. MP analysis results of the samples taken from the inlet (above) and outlet (below) points of the WWTP of OIZ-B
within the scope of the first sampling, distribution of plastic types (%). Left: morning samples, Middle: noon samples,
Right; mid-afternoon samples

It has been observed that the polymer types and diversity in the wastewater coming to the WWTP change
during the day. Diversity and species increased at noon and remained stable thereafter. The highest number of
MP species (12 different species) was seen in the sample taken at noon. PE, PEA and PA were observed to be
common between this sample and morning and evening samples. In addition, polyvinyl propionate acetate
(PVPA) and PP were found in the morning sample, and PU, PET and PS in the evening sample. EPDM, PEU,
EPM, ethylene vinyl alcohol (EVOH), which were only in the noon sample, were not seen in the other two
sampling hours; CA and EVA observed in the morning sample were not observed in the other two samples,
and PES was observed only in the evening sample. Ethylene vinyl acetate (EVA) was seen in the morning
and evening samples. With these results, it was determined that there was a significant change in the
distribution of MP species coming to WWTP during the day, and it was thought that this was due to activities
in different sectors. It is seen that the diversity decreased at the WWTP exit, 9 different species were observed
as of the first hour (morning) and second hour (noon), and this decreased to 7 species in the evening. It was
observed that 5 plastic types were observed in every three sampling hours, these were PE, PEA, PA, PU, PP,
and CE was observed in the first two sampling hours. The types of MP seen at the first sampling hour but not
found in the others were EVA, PS and EPM, the plastics seen at the second sampling hour but not at the other
hours were EPDM and EVOH, and the plastics seen only in the last sampling were PET and PMA.PEA, PE
and PA were seen in both WWTP inlet wastewater and all outlet samples; In addition to these incidences, the
incidence rates are also high. These three polymers were followed by PP and PU, which were observed in the
two inlet samples and were observed in all of the outlet samples. Except for PEA, these four plastics are MP
types that are used in the production of many materials and are frequently encountered in wastewater [3]. It is
an expected situation to be observed in mixed industry wastewaters containing many different industries.
It is observed from the pie diagrams in Figure 5 that plastic types change during the day. Nine species were
found in the sample taken in the morning, eleven species were found in the sample taken at noon, and six
types were found in the sample taken in the evening. While PE was the dominant plastic type in the morning
sampling, PEA was the prominent polymer type in the afternoon and evening samplings. It is seen that four
plastics (PEA, PE, PP and EPM) are observed in common every three sampling hours. PU was observed in
the morning sampling but not in the noon and 16.30 sampling, PET was observed only in the 10.30 and 16.30
sampling, PVA and CE were observed in the 10.30 and 12.35 sampling but not in the 16.30 sampling. PEU
and PVC were only seen in 12.30 samples. From these results, it is thought that the activities change during
the day and that these may cause different types of plastic discharges.

36

Occurrence of Microplastics in Industrial Wastewaters
Oğuzhan Altuntaş, Ozan Karakurt, F. Dilek Sanin

Figure 6. MP analysis results of the samples taken from the inlet (above) and outlet (below) points of the WWTP of OIZ-B
within the scope of the second sampling campaign, distribution of plastic types (%). Left: morning samples, Middle: noon
samples, Right; mid-afternoon samples

It is seen in Figure 6 that the MP species and diversity in the wastewater coming to the WWTP changed little
during the day (7-9 species); A total of 11 different types of MP were determined in three samples. The
plastic types found are 8 in the morning, 9 in the afternoon and 7 in the evening. The most common type of
MP was PE, and it was seen at high rates in each of the inlet and outlet samples. The types of plastics seen in
the input sample taken every three hours are PE, PEA, PET, PVA and PA. The average incidence rates of
these in three samples were 28%, 28%, 10%, 13% and 7%, respectively. Other MPs remained at lower rates.
Of these, PMMA was seen only in the morning sample, and EVA was seen only in the noon sample. CE and
PU were found in the morning and afternoon samples. PP was seen in the noon and evening samples, while
PS was seen only in the evening sample. With these results, it is understood that the distribution of MP
species entering the WWTP during the day varies, but certain plastic types are seen to be consistent. Although
this is thought to be due to activities in different sectors, it has also been observed that plastics that are used in
many different sectors such as PE, PA, PET are concentrated. It was seen in the second sampling campaign as
well as in the first sampling campaign that the diversity of the WWTP output decreased. 6 different species
were found in the first hour (morning) and 5 different species were found in the second hour (noon) and the
third hour. It was observed that 4 plastic types were observed in every three sampling hours, these were PE,
PP, PA and CE, and their average incidence rates were 29%, 27%, 12% and 9%, respectively. PEA was seen
in morning and evening samples; EPM was seen only in the morning and EPDM was seen only in the
afternoon. PE and PA were seen in both WWTP inlet wastewater and all outlet samples; This situation also
coincides with the first sample. PE and PA type plastics are the most common MP types used in the
production of many materials and are found in wastewater [5]. As mentioned above, the usage areas of PE are
production of pipes, ventilation/heating systems, chemical resistant coatings, liquid/beverage containers, fiber
optic sheaths, automobile accessories, toys, household and kitchen utensils, etc., while the usage areas of PA
are textile products. , upholstery, auto parts, packaging films, fishing line, electrical connectors, gears, guitar
picks and strings, medical implants. Therefore, their frequent occurrence in wastewater may be due to their
use in this general and many sectors.

CONCLUSION
In conclusion, one of the worldwide problems in MP measurements is the lack of a standardized, reliable, and
reproducible extraction and measurement method. In our study, an MP extraction method based on Fenton
oxidation reaction and then a two-stage flotation separation in saturated salt solution was used. Following the
extraction, a two-step quantification, and morphology and species determination was carried out, using
fluorescent microscopy alongside with FTIR/Raman methods. When the MP size distributions are examined,
it is seen that the particles in all samples are mostly (largely >90%) in the size range of 38-425 μm; Relatively
few MPs were found in the 1,000-5,000 μm and 425-1,000 μm size ranges. [9] and [10] observed in their
study that MPs measured in industrial wastewater were in the smallest size range (<0.5 mm), similar to our
study. Considering OIZ-B is almost made up of industrial wastewater, it is thought that values (79 and 88%)
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are quite close to MP removal efficiencies found in a typical municipal secondary treatment system. This
study demonstrates the critical role of WWTP in removing MP and minimizing their discharge into receiving
water courses. A variety of different plastics were detected, possibly due to the activities in OIZs. Different
campaigns showed that the plastic type can change and after treatment variety is generally reduced.
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Microplastic Discharge From a Plastic
Recycling Industry Wastewater in Turkey
Emine Büşra Çolakoğlu1, İbrahim Uyanık1
Abstract
After China banned the import of plastic waste, it shifted to other countries like Turkey. In plastic
recycling process, some of microplastics in the effluent after washing are discharged without treatment.
In this study, the characterization (number, color and size) of microplastics was made in a plastic
recycling industry effluent. The total particles detected were 107 per liter, and 33% of them were blue
and black. It was determined that the size of microplastics were mostly below 1 mm, and only 12% were
determined to be particles of 1 mm and above. In addition, these wastewaters are treated together with
the wastewater of the Organized Industrial Zone (OIZ) Wastewater Treatment Plant (WWTP). In field
examination carried out in OIZ WWTP, it was determined that some of the microplastic particles were
removed with the help of scum skimmer in the final settling tank, however, some of them was discharged
without treatment.
Keywords: Microplastics, recycling, import, industry, Turkey, wastewater

1. INTRODUCTION
Since the term microplastics (plastic parts with a generally defined upper size limit of 5 mm) was first defined
in 2004, it has become a problem with significant consequences for the environment and public health (World
Bank, 2022). Microplastics are defined as plastic particles between 1 nm and 5 mm in size. They occur as a
result of plastics originally produced in this size (primary microplastics) or the breakdown of large plastic
parts (secondary microplastics) (Iyare et al. 2020).
Due to the plastic waste import ban imposed by China as of January 1, 2018, the direction of plastic waste
trade has shifted to other waste importers, including Turkey. Plastic waste exports from the UK to Turkey
increased 18 times between 2016 and 2020, from only 12,000 tons in 2016 to 210,000 tons in 2020
(Greenpeace, 2021-a). Plastics recycling facilities (PRF) have processes for recycling; crushing, washing and
separating. Plastics that break into small pieces during crushing process can be mixed with wastewater during
washing process and discharged into receiving bodies of water (Onur, 2019). PRF wastewater, which is
mostly found in organized industrial zones (OIZ) in Turkey, is generally treated in a central wastewater
treatment plant. No study has been found in OIZ wastewater regarding plastic particles.
In the studies carried out on the treatment of wastewater originating from plastic recycling facilities, it is
stated that the wastewater must be treated in the facility in order to comply with the discharge standards; It is
stated that if it does not meet the standards after purification, it cannot be discharged, but it can be used as
washing water in processes. (Santos et al. 2005; Jablonska, 2018). WWTPs, another source of microplastics,
are another important source that enters the aquatic environment and consequently poses a threat to both
humans and the ecosystem (Sol et al. 2020). In the studies, it has been determined that the microplastics
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coming to WWTPs are effectively treated with primary and secondary treatment processes, but the
microplastics that cannot be removed are discharged to the receiving environment (Talvitie et al. 2015;
Murphy et al. 2016; Gatidou et al. 2019; Xu et al. 2019). Therefore, in this study, a wastewater sample was
taken from a PRF located in Kayseri OIZ and its physical characterization (color, shape, size, number) is
made and it is the first study to detect microplastics in the effluent of the plastics recycling facility (PRF) of
an organized industrial zone in Turkey.

2. MATERIALS AND METHODS
Kayseri OIZ, which hosts more than 1200 enterprises, is the largest OIZ of Kayseri province and includes
more than 100 packaging and plastics industry, was chosen as the study area (KOSB, 2022). PRF located in
the OIZ was visited in February 2022. A sample was taken from the discharge manhole (5 L) where the
wastewater is collected in the recycling company. In order to minimize contamination, all materials used
before the study were washed with distilled water, following the precautions specified in the literature, and
glass materials were used at every possible stage (Rasmussen et al. 2021). Before starting the experiments,
the studied areas were cleaned with ethanol (99%). The samples were stored in the refrigerator at 4 oC before
the study.

2.1. Physical Characterization
The characterization of microplastics is classified in two ways: physical characterization and chemical
characterization. Physical characterization basically refers to characterizing the size distribution of
microplastics as well as evaluating other physical parameters such as shape and color. Samples were sieved
through 5 mm, 1 mm and 0.4 mm analysis sieves before characterization. The particles retained in the sieves
were backwashed into the beaker and sieved again. After drying, the particles were weighed, then separated
according to their colors with the help of forceps, and their sizes were measured and counted both with a ruler
and with the help of ImageProPlus 6.0 program. Species analysis was not performed in this study, as the
microplastics in PRF originate from the recycling of plastic packaging waste. Counting the filtered
microplastics was counted visually and manually with the help of forceps. Sorting according to color and
shape is divided by considering microplastic classification categories (Hidalgo-Ruz et al. 2012).

3. RESULTS AND DISCUSSION
3.1. Characterization of MPs
The total number of microplastics counted in the sample taken from PRF is 533. The images of some of the
microplastics, collected on the filter paper and separated according to their colors with the help of forceps, are
shown in Figure 1. Since these particles are taken from the process effluent of the plastic recycling plant, the
majority of them are considered to be plastic particles. Similarly, in a study conducted on samples taken from
a plastic recycling facility in Vietnam, it was determined that 2686 of the total 3200 particles analyzed
according to the results of the species analysis were plastic origin (Suzuki et. al. 2022). Therefore, it can be
said that the majority of these particles are plastic fragments that break into small pieces during the crushing
process and are discharged without being retained in the process treatment system.

Figure. 1. Photos of some color categorized microplastic particles
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Although all of these microplastics are described as plastic fragments, it is determined that 85 particles have a
film-like structure. These particles are thought to be a label-like material that is attached to the plastic part.
The color distributions of the fragmented particles are given in Figure 2, and the color groups with the highest
number of particles are determined as blue, orange, black, green and yellow, respectively.

Figure. 2. Color distribution of microplastic particles.

Fragment microplastics according to their color (and similar tones) is divided into 9 color categories as
brown, gray, blue, purple, pink, yellow, black, green, and orange (Fig.2). Microplastics are investigated in
two separate categories as particle and film. Size distributions of microplastics are shown in Figure 3. It was
observed that the particles were mostly concentrated in sizes between 0.2 and 0.6 mm, and the proportion of
particles larger than 1 mm was determined as only 12% in number. This distribution showed that the majority
of microplastics originating from recycling plants can be removed from wastewater with a 0.2 mm pore
diameter filter.
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Figure. 3. Particle size distribution of microplastics.

41

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
This study showed that plastic recycling industry is one of the major sources of microplastics in Turkey. OIZ
WWTP effluent is the final destination for these microplastics. As it floats, these particles escapes from the
final sedimentation tanks according to initial observations that researchers conducted.
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Abstract
In this study, the abundance, type, size and color of microplastics (MPs) in 17 treated municipal
wastewater sea discharge (SD) and deep sea discharge (DSD) stations discharging to the Marmara Sea
were investigated. Sea surface water samples were collected to determine MPs abundance and their
characteristics at these selected stations. According to the results obtained, the spatial distribution of
MPs in SD and DSD stations was determined. Higher MP abundance was detected at the DSD stations
where municipal wastewater generally is discharged after pre-treatment, compared to the SD stations
where advanced biological wastewater treatment is mainly applied to municipal wastewater. While the
highest MP content was found in SD-10 station (Silivri-Çanta sea discharge: 770.050,00 MP/km2) for sea
surface samples, DSD-4 (Küçüksu Deep Sea Discharge: 1.602.230,00 MP/km2) and DSD-2 (Kadıköy
Deep Sea Discharge: 1.482.340,00 MP/km2) were the stations where the highest MPs were observed in
all studied stations.
Keywords: Microplastics, Marmara Sea, Bosphorus, municipal wastewater sea discharge

1. INTRODUCTION
Plastics are known as flexible and easy-to-design materials which were first synthesized in 1869 [1, 2]. They
are intensively used in various industrial and medical applications due to their matchless features such as
being durable, strong, light, corrosion resistant and cost effective [3, 4]. Ineligible management strategies and
low biodegradation rate of plastic materials have resulted in accumulation of plastic waste in the
environment. About 80% to 85% of marine litter includes plastic waste. Between 1950 and 2003, plastics
were the fastest growing part of the municipal solid waste stream, and their global productions have increased
importantly over the past decade. While there was 1.7 million tons of plastic material production in 1950, this
value reached 299 million tons and 348 million tons in 2014 and 2018, respectively (PlasticsEurope, 2015,
2018, UNEP 2015).
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It was estimated between 4.8 and 12.7 million tonnes of plastic waste reached the oceans in 2010 and today
this value continues to increase significantly [5]. Although degradation rate of plastics is low, MPs smaller
than 5 mm in size are formed as a result of the degradation of these wastes [5, 6]. The degradation of plastics
occurs under the influence of various processes, primarily thermal reactions, hydrolysis and UV-induced
photodegradation and microbial biodegradation [7].
MPs are divided into primary and secondary MPs based on their source. Primary MPs, which are generated
intentionally, are often found in personal care products, cosmetics, cleaners and other industrial and medical
products. Secondary MPs are formed as a result of physical, chemical or biological decomposition of larger
plastic particles such as meso- and macro-plastic materials [8]. There is no acceptable concentration limit for
the presence of MPs in the environment and water resources, and the presence of these tiny plastic particles at
any level is defined as a new environmental pollution known as MP pollution. [9]. The abundance of MPs in
drinking water reservoirs, sewage systems, air and soil causes them to reach the marine environment via
discharge, surface runoff and atmospheric deposition [9, 10].
The ingestion of MPs by several aquatic organisms poses a danger to the marine and ocean ecosystems and
therefore leads to various adverse effects on the reproductive and digestive system and other diseases that
affect the life quality [11, 12]. Plastics have detrimental effects on the environment by destroying habitat,
entangling the bodies of marine animals, facilitating the transport of invasive species between habitats, and
accumulating in sediments. Deposition in bottom sediments leads to potential effects on benthos living and
foraging animals. It was reported that zooplankton, bivalves, copepods, mussels, fish, oysters, shrimps, lugs
and whales have ingested MPs [13-16]. Ingestion of these small plastic particles poses a major risk to
organisms by causing improper saturation, pathological stress, blocked enzyme production, oxidative stress,
reproductive complications and reduced growth rate, as reported [13, 17, 18].
The transport of MPs to marine environments and oceans is affected by environmental conditions such as
anthropogenic activities, wind, tides, currents and wave movements. In addition, the density of MPs and their
interaction with the surrounding biological life are reported to affect the distribution of MPs floating in sea
surface water or deposited on the seafloor and found in the water column [19, 20]. Spatial distribution of MPs
on seabed sediments is significantly affected by tidal waves and storms [21, 22]. It is difficult to control these
environmental variables, which are related to the formation and distribution of MPs. However, quantitative
analysis of MPs in marine and ocean environments is of great importance for a full understanding of MP
formation and transport mechanisms [23].
MPs reach marine environments from point or diffuse sources. About 80% of marine plastic pollution comes
into the ocean from land-based sources [24, 25]. During the production, consumption and waste management
phases of the plastic lifecycle, it is common for plastic to leach into the environment as waste due to
mismanagement practices [26, 27]. The main point source of MPs from land to sea is the wastewater carried
by the central sewage systems. MPs in domestic or municipal wastewater are transported to wastewater
treatment plants (WWTPs) or discharged into receiving water bodies without treatment. Moreover, a
potentially important input of MPs is runoff from their overflow in combined sewer systems [28].
Based on the knowledge of wastewater is an important source of MPs, in this study, MPs pollution was
investigated at sea discharge (SD) and deep sea discharge (DSD) stations where wastewater was discharged
to the sea from wastewater pretretment, conventional or advanced treatment plants on the Istanbul coast of the
Marmara Sea and in the Bosphorus.

2. MATERIALS AND METHODS
2.1. Study Area and Samples Collection
The Marmara Sea located at latitudes and longitudes of 26° 07' E, 41° 44' N: 030° 17 'E, 39° 46' N, has a
coastline of 933.3 km and is an inland sea with some special conditions that is under environmental risk in
many ways. High volume of municipal wastewater produced from Istanbul province is discharged into
different locations of the Marmara Sea and Bosphorus via 7 deep sea discharge and 10 sea discharge systems
after partial or full treatment processes applied. The location details of these SD and DSD stations are
presented in Fig 1 and Table 1. The sea surface waters and deep sea sediment samples were taken in the
stations in 7-11 September, 2020.
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Table 1. The coordinates of the wastewater discharge stations
Code
DSD-1

Station
Ahırkapı (Yenikapı) DSD

DSD-2

Kadıköy DSD

DSD-3

Üsküdar DSD

DSD-4

Küçüksu DSD

DSD-5

Baltalimanı DSD

DSD-6

Paşabahçe DSD

DSD-7

Büyükçekmece DSD

SD-1/
SD-2
SD-3

Tuzla SD (1st stage and 2nd stage)

SD-4

Heybeliada SD

SD-5

Burgazada SD

SD-6

Kınalıada SD

SD-7

Küçükçekmece SD

SD-8

Silivri SD

SD-9

Silivri SD (1st stage)

SD-10

Çanta SD

Büyükada SD

Start coordinate
41°00.032'N
28°59.491'E
40°59.504'N
28°59.144'E
41°01.673'N
29°00.640'E
41°04.807'N
29°03.655'E
41°05.734'N
29°03.434'E
41°06.505'N
29°04.489'E
40°58.023'N
28°32.046'E
40°50.139'N
29°15.118'E
40°51.894'N
29°09.595'E
40°51.682'N
29°04.974'E
40°53.044'N
29°02.876'E
40°53.665'N
29°02.884'E
40°57.935'N
28°45.675'E
41°02.411'N
28°20.791'E
41°03.671'N
28°14.410'E
41°02.708'N
28°05.998'E

End coordinate
40°59.974'N
28°59.471'E
40°59.441'N
28°59.161'E
41°01.882'N
29°00.779'E
41°05.203'N
29°03.792'E
40°06.258'N
29°03.509'E
41°06.185'N
29°03.923'E
40°57.977'N
28°31.841'E
40°50.169'N
29°14.498'E
40°51.561'N
29°08.923'E
40°51.087'N
29°05.060'E
40°53.273'N
29°03.583'E
40°53.670'N
29°03.635'E
40°57.554'N
28°45.062'E
41°01.955'N
28°20.294'E
41°04.003'N
28°13.820'E
41°02.685'N
28°06.124'E

All the samples were taken from the Research Vessel (R/V Yunus-S of Istanbul University). The sea surface
water samples were collected using Manta trawl having a rectangular opening of 0.8 m x 0.4 m and 330 µm
mesh size of trawl. The trawl was towed by horizontal throughout 20 min from the starting coordinate at each
station. After completing the sampling of surface water, the collected materials were concentrated in the
collector of the net by washing the mesh with filtered sea water from the outside with a water jet. The
collected materials were poured into a clean glass sample bottle using 96% of ethanol after sieving from two
stacked stainless steel sieves having 5 mm and 300 µm mesh sizes. All collected samples were stored at +4
°C for further analysis.

2.2. MP extraction procedure
Extraction of MPs for both samples was conducted based on the MP isolation protocol suggested by Masura
et al. [29]. Visually detected plastic particles from the sea surface samples were collected in Petri glasses by
rinsing distilled water using laboratory tweezers. The remaining materials in the samples were dried for one
night in the beaker at 80°C. After that, wet peroxide oxidation (WPO) was applied by adding 20 mL of
FeSO4.7H2O (0.05 M) and 20 mL of H2O2 (30%) and heated to 75 °C on the hot plate. The oxidation
process was repeated several times until no natural organic material remained in the collected sample. The
sample was then filtered onto 0.45 µm glass fiber filter paper for microscopic examination under stereo and
light microscopes.
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Figure 1. Google map presentation of the studied DSD and SD stations in the study

3. RESULTS AND DISCUSSION
3.1. Abundance and size distribution of MP isolated from sea surface water
The abundance and size distributions of MPs isolated from sea surface water samples taken from the
coordinates where sea discharge and deep sea discharge from a total of 17 wastewater treatment plants
operated by the Istanbul Province Water and Sewerage Administration (ISKI) are given in Fig 2. At 5 of these
SD stations (SD-1, SD-2, SD-8, SD-9 ve SD-10), the effluent is discharged after advanced biological
wastewater treatment, while at 5 of them (SD-3, SD-4, SD-5, SD-6 ve SD-7) the effluent after pre-treatment
is discharged into the sea. On the other hand, of the DSD stations, DSD-2, DSD-3, DSD-4 and DSD-6 are
wastewater pre-treatment plant discharge stations, while DSD-1 and DSD-5 wastewater conventional
treatment plant discharge stations. According to the obtained results, the highest number of MPs was detected
at SD-10 (Silivri-Çanta sea discharge) station (770,050.00 MP/km2). Among the SD stations, the other
station with intense MP detected was SD-5 (Marine discharge in Burgazada: 489,600.00 MP/km2) (Fig. 2a).
In terms of DSD stations, the highest MP in DSD stations was found at DSD-4 (Küçüksu Deep Sea
Discharge) and DSD-2 (Kadıköy Deep Sea Discharge) stations. At these stations, MP abundances were
determined as 1602,230.00 MP/km2 and 1482,340.00 MP/km2, respectively. DSD-1 (Ahırkapı (Yenikapı)
Deep Sea Discharge) and DSD-7 (Büyükçekmece Deep Sea Discharge) stations were the other DSD stations
with the highest MP abundance (813,640.00 and 854,660.00 MP/km2, respectively). The lowest MP
concentration was detected at station DSD-4 (126,150.00 MP/km2) (Fig 2c). It can be seen from the data
obtained that the average MPs in DSD stations are higher than in SD stations when compared to the
abundances of average MPs in SD and DSD stations. This can be explained by the fact that the wastewater
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discharge from DSD stations is mostly treated by simple pre-treatment steps (coarse and/or fine sieve, grit
removal and primary sedimentation), whereas samples from SD were generally discharged into the sea after
advanced wastewater treatment.
(a)

(c)

(b)

(d)

Figure 2. Abundance of MPs in seawater samples (a-c) and size distribution (b-d) at SD and DSD stations

Considering the size distributions of MPs detected in SD stations, it can be seen from Fig. 2b that MPs
between 1-5 mm are proportionally higher than the ones sized between 0.3-1 mm. The mean size ratios of
MPs between 0.3-1 mm and MPs between 1-5 mm were found to be 36.9±22.1% and 63.1±22.1%,
respectively in SD stations. Considering the MP size distributions at DSD stations, the MP ratio between 0.31 mm was found to be 25.36%±17.41%, while the MP ratio of 1-5 mm was 74.64±17.41%.
Several authors reported that the MP concentration at the inlet of a wastewater treatment plant (WWTP)
ranged from 103 to 108 parts/m3 [30-32]. In spite of the high MPs removal efficiencies (80-95%) in a
WWTP, wastewater is known to contain a significant number of MPs when discharged, due to high amounts
of wastewater treated [31, 33]. Akarsu et al. (2020) reported that MPs from WWTPs pose a severe threat to
the northeastern Mediterranean even with 55-97% WWTP removal efficiencies [34]. Wastewater stream
discharge has been reported to be the most significant pathway of MPs to the aquatic and marine
environment, which discharges more than 38,540 trillion of MPs per year [35].

3.2. Type distribution of MP isolated from sea surface water
The type distribution of MPs isolated in SD and DSD stations is given in Fig 3. As seen from Fig.3a,
approximately 45.1±17.1% fragment, 30.8±17.0 filament, 19.7±9.5% film, 3.0±3.8% foam, 1.4±2.9%
granule/pellet were detected in all SD stations. The highest fragment type of MP ratio was found at the SD-6
station (71.8%), and the lowest fragment type was found at the SD-3 station (15.7%). At DSD stations,
fragment type MPs were detected at a rate of 54.25% ± 15.35%, while filament MPs were found at a rate of
22.73% ± 16.19% and film type MPs at a rate of 15.51±7.65% (Fig 3b). The WWTP is known to include a
significant number of fibre particles, possibly discharged by the textile industries and washing machine from
household and laundry [36, 37]. However, a severe MPs pollution was observed in the Marmara sea and
Bosphorus due to intense industrial and social activities, therefore fragment type of MP was detected in
higher ratio compared to filament type of MPs in the study.
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(a)

(b)

Figure 3. Type distributions of MPs at SD (a) and DSD (b) stations

3.3. Color of MP isolated from sea surface water
In this study, a total of 11 different colors were detected in MP samples, however, the results obtained were
evaluated under 6 different color groups as white, blue, black, green, red, and other, as can be seen in Fig. 4.
Color distributions of isolated MPs according to fragment, film and filament types are given in Fig 4a-c. As
can be seen, while mostly white colored MPs were detected in fragment and film types, blue colored MPs
were dominant in filament types in SD stations. The MP color distributions in DSD stations are presented in
Figure 4d-f. In all DSD stations, average color distribution were found to be 43.67%±14.18% white, 22.72%±
12.22% blue, 13.53±6.3% black, 4.58±3.33% green and 4.04%± 1.67 red colored MPs. While the majority of
fragment and film type MPs were detected in white color at DSD stations, it was observed that the blue color
was dominant in filament type MPs similar to SD stations.
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Figure 4. Color distributions of fragment, film and filament type of MPs at SD (a-c) and DSD (d-f) stations

4. CONCLUSION
The abundance of MPs in sea surface water at SD and DSD stations on the shores of Istanbul of Marmara Sea
and the Bosphorus was investigated in the study. MPs abundance was found in sea surface water at both SD
and DSD stations. From the results obtained, it is seen that the MP abundance in DSD stations is about 2
times higher than SD stations. The obtained data also indicated that there is an urgent need for the
management of plastic wastes in the Marmara Sea and Bosphorus.
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Abstract
In freshwater systems, microplastics and organic contaminants are prevalent pollutants. Using kinetics
and isotherm analyses, this research investigates the sorption of two organic compounds (Phenol and
2,3,6-Trichlorophenol) on pristine polyethylene (PE). The hydrophilic nature of phenol is hypothesized to
have low affinity for PE, on the contrary, 2,3,6-TCP is expected to have higher affinity. The goal of this
study is to compare the interactions between PE and two extensively used yet physio-chemically distinct
chemicals. Experimental results show 2,3,6-TCP sorption is fast (teq=24hr) with qeq 180 µg/g, while
phenol sorption is slow (teq=28days), with non-detectable capacity. PE sample, having medium to high
density and crystallinity seems to result in longer equilibration times and lower sorption capacity when
compared to other MPs studied in the literature.
Keywords: Microplastics; phenol; trichlorophenol; polyethylene; sorption

1. INTRODUCTION
Microplastics (MPs) are plastic particles with a diameter less than 5 mm. Because of their widespread use,
chemical stability, resistance to degradation, and simplicity of disposal, MPs have a long-life span in the
environment and can be consumed by biota [1]. Although it is unclear if MP-sorbed organic contaminants
(OCs) pose additional ecological harm to organisms through MP ingestion, they do raise concerns since they
represent a potential entry route for trace OCs into the food chain. Given the variety of MP types/sizes and
OCs available, it is vital to investigate interactions between MPs and OCs. Phenol and its derivatives are
primarily used to make phenolic resins, utilized in plywood, construction, automobile, and appliance sectors
[2]. Aim of this study was to comparatively evaluate sorption of two commonly used chemicals, phenol in its
pure form and its trichlorinated form, onto microplastics.

2. METHODOLOGY
MPs used were obtained in powdered form from a local water tank manufacturer. Prior to use, MPs were
sieved, washed in an ultrasonic bath for 30 mins and dried at 30oC. MPs were characterised as PE via FTIR
analysis, have 0.935 g/cm3 density and 49.4% crystallinity as obtained from DSC, with BET surface area
1
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0.1034 m2/g. OECD guideline [3].was followed during sorption studies. Batch sorption experiments were
carried out in triplicate using 40 mL amber glass vials with Teflon lined caps. Experiments on sorption
kinetics, effect of solid: liquid (S/L) ratio (25 g/L), particle size (dp) (0.250-0.500 mm) were carried out.
Phenol was analyzed using USEPA method 9065, while 2,3,6-TCP was measured spectrophotometrically at
289nm. Laboratory control samples yielded ≤10% error.

3. RESULTS AND DISCUSSION
Phenol sorption kinetics was complicated with test and control reactors yielding almost identical
concentration trends. The % change in phenol concentration in 28 days was 23.7% and it was 23.1% for the
control (Figure 1). Prior to experiments, phenol solution was tested to be stable and theoretical calculation of
volatile loss cannot account for the decrease in phenol concentration. Experiments were also performed with
smaller particle size MPs (0.106-0.180 mm), with some difference between the two (23.3% for test and
20.2% for control), but not appreciable. These demonstrate that phenol has no discernible affinity for PE type
MPs. Effect of pH on sorption was tested at pH=4 and 6, with similar results (results not shown). The acidity
constant for phenol is much higher than these values (with a pKa around 10) so, both at both pHs, phenol was
in its unionized form and did not show much affinity for PE.
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Figure 1. (A) Phenol sorption on PE with large particle size (dp=250-500 µm), (B) Phenol sorption on PE with small
particle size (dp=106-180 µm).

2,3,6-TCP sorption kinetics were comparably much faster, reaching equilibrium at about 24hrs (Figure 2).
Approximately 40% of 2,3,6-TCP is sorbed by MPs by the 12th hour as can be seen in below figure, after
which sorption slowed down, with total sorption at 47.9% in 96 hours. No sorption was detected this time in
control reactors of 2,3,6-TCP sorption experiments.
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Figure 2. (A) 2,3,6-TCP sorption on PE (B) removal percentage of 2,3,6-TCP.
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Effect of pH on the sorption of 2,3,6-TCP was tested at pH=4 and 8. The pKa of 2,3,6-TCP is 5.8, therefore
pH values of 4 and 8 were chosen to see both sides of the spectrum, and to see how 2,3,6-TCP sorbs onto
MPs in its phenolate form. When the pH is adjusted to 4 there is a sorption of up to 72% onto the
microplastics. When pH is at 8 there is a reduced affinity to sorb onto the microplastics which is 25% which
is lower than when the pH is unadjusted (pH 6±1) around the pKa which is 5.9 the sorption is 58% as in the
graph (Figure 3). These results indicate that the anionic form has much lower affinity for MPs.
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Figure 3 Removal percentage of 2,3,6-TCP in pH 4, unadjusted pH and pH 8.

Effect of particle size of the MPs on the sorption of 2,3,6-TCP was also investigated. Experiments were
performed with smaller particle size MPs (0.106-0.180 mm), larger particle sizes (0.850-1 mm) and mixed
particle size(<1mm). The results from the experiments showed that there is no significant effect on MPs
particle size in the sorption of 2,3,6-TCP onto microplastics. For the smaller particle size there was 33%
sorption for the larger particles there was 43% removal as shown in the graph (Figure 4).
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Figure 4 Removal percentage of 2,3,6-TCP in different particle sizes.
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4. CONCLUSION
Phenol is a highly soluble organic compound (with aqueous solubility more than 90,000 ppm) having quite a
low logKow of 1.44. It is expected for highly hydrophobic compounds to have a higher affinity for sorption as
a means of escaping from the aqueous phase. Phenol being highly hydrophilic, as well as ionizable (with a
pKa of 10), escaping tendency from water is expected to be low. 2,3,6-TCP, on the other hand, is a less
soluble organic compound and with higher logKow of 3.77. Therefore, it is expected for highly hydrophobic
compounds like 2,3,6-TCP to have a higher affinity for sorption as a means of escaping from the aqueous
phase, that is why high sorption to MPs is observed. Effects of pH on phenol no discernible sorption could be
observed in test reactors, when compared to control reactors, therefore change in pH was not significant in the
sorption of phenol onto MPs. When it comes to 2,3,6-TCP there is a significant effect of pH on the sorption to
MPs with the lower pH showing higher affinity for sorption. This change in characteristic is due to the
dissociation of the two compounds. When phenol was undissociated, 2,3,6-TCP dissociated at the pHs tested,
so results showed a variation. Particle size has no great effect on the sorption to MPs in phenol as well as
2,3,6-TCP.
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Management of Waste Electrical and
Electronic Equipment in Türkiye
Mehmet Emin Birpınar1, Recep Akdeniz2, Sadiye Bilgiç Karabulut3, Sabriye
Ayhan4, Sinem Büşra Küçük5
Abstract
Due to the global population growth, technological developments and accordingly the change in
consumption habits and the shortening of innovation cycles, the replacement of electrical and electronic
equipments with new ones is accelerating in recent years and makes electrical and electronic equipments
a rapidly growing waste source. E-waste management is provided within the scope of the Zero Waste
Project initiated in 2017 under the auspices of First Lady Ms. Emine ERDOĞAN, expanded producer
responsibility and collection systems within the scope of the by-law on Control of WEEE (O.G.
22.05.2012/28300) in Türkiye.“The Project for Harmonization of the Existing WEEE Regulation with the
Current EU Legislation” has been carried out by Ministry of Environment, Urbanization and Climate
Change. As a result of the compilation of project outputs with the contributions of Ministry, the national
legislation harmonized with the EU Legislation and will be put into force as of the fourth quarter of 2022.
Keywords: E-waste, zero waste, WEEE, ROHS, circular economy

1. INTRODUCTION
Due to the global population growth, technological developments in recent years, and accordingly the change
in consumption habits and the shortening of innovation cycles, the replacement of electrical and electronic
equipments with new ones is accelerating, which makes electrical and electronic equipments a rapidly
growing waste source.
E-waste is defined as all the components, elements and consumables it contains at the end of the useful life of
electrical and electronic equipment that comply with the waste definition in the by-law on Waste
Management, and they are types of waste with different subcategories within themselves. Due to the different
components they contain and the different recycling applications of these components, they are divided into 6
different categories.
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E-waste has an annual growth rate of up to 5% and is one of the fastest growing waste groups on a global
scale. According to the 2020 Global E-Waste Monitor Report,in the world more than 50 million tons of ewaste was produced, with an average of 7.3 kg per person in 2019. And it is estimated that approximately 75
million tons of e-waste will be generated for 2030. In the findings of the report, it is stated that the total
amount of e-waste in Türkiye in 2019 was 847 thousand tons, 10.2 kg per person.

Figure 1. Amount of e-waste generated per capita in the world (https://globalewaste.org/map/) [3]

Today, e-waste emerges as an important problem that requires effective management not only in our country
but also on a global scale. In order to ensure the environment and sustainable development, actions involving
significant changes in production, consumption and behavior models are required.
Correct management of electrical and electronic equipment (EEE) throughout its entire life cycle, including
the end-of-life stage and the circular economy is crucial from the broader perspective of resource efficiency
and sustainability.
Primarily, prevention of e-waste and reduction of waste disposal, effective use of resources in a measured and
rational way, and recovery of valuable secondary raw materials through reuse, recycling and recovery from
such wastes will contribute to sustainable production and consumption.
On the other hand, eco-design requirements for facilitating the reuse, dismantling and recycling of e-waste are
of great importance and it is necessary to consider the entire life cycle of the product through product design.
Although international and national regulations have been prepared to reduce harmful substances in EEEs,
which is a rapidly growing waste source, mercury, cadmium, lead, chromium (+6) and polychlorinated
biphenyls (PCBs) and ozone depleting substances will be included in WEEE for many years. The content of
harmful components in EEEs stands out as a matter of concern in the management of the wastes of these
products.
In cases where e-waste is not disposed of properly, it poses a threat to the environment and human health by
causing water, air and soil pollution due to the content of harmful components in the products. On the other
hand, it causes negative effects on climate change and the ozone layer, since electrical and electronic
equipment not only completes its useful life, but also causes carbon emissions during the production phase
and lifetime of the product, due to the extraction of the raw material to be used in the production of the
products. At the same time, the inability to adequately recycle e-waste or to recover it with appropriate
technologies brings about the loss of precious metals and natural resources.
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The recycling of e-waste, which is the result of the life cycle of electrical and electronic equipments with a
wide range of products, is of great importance in the transition to the circular economy, as it is an important
resource for meeting the need for secondary raw materials. Since the energy consumed during metal
extraction from the e-waste recycling process is lower than the amount of energy used during metal recovery
from ore, a significant energy saving is achieved [6]. For example, the energy required to make 1 tonne of
aluminum from recycled metal is 4% of the energy spent for aluminum to be made from bauxite, likewise, the
energy required for the recovery of copper compounds is only 13% of the energy required to extract this
metal from natural sources and 19% for the recovery of iron and steel. [7]. Many scientists also say that the
worst recycling activity does better than the most efficient mining operation. For example, it has been
determined that the amount of gold in one ton of computer waste is more than that to be obtained from
approximately 15 tons of gold ore [8]. Since the need for materials such as plastic, aluminum, copper, gold
and steel is increasing day by day around the world, it does not seem possible to meet this need only from
mining activities, both financially and environmentally [9].

2. WEEE MANAGEMENT IN TÜRKİYE
In Türkiye, studies are carried out in line with zero waste targets in order to protect the environment and to
use natural resources sustainably. The principles in these studies; Adopting the waste prevention and waste
reduction approach, in this context, prevention of waste, resource efficiency, reduction of waste amount,
establishment of effective collection systems, reuse of wastes, recycling and recycling, and in cases where
these are not possible, they are disposed of with appropriate methods.
PREVENTION
REDUCTION
REUSE
RECYCLE
RECOVERY
ENERGY RECOVERY
DISPOSAL

Figure 2. Waste Management Hyerarchy

Regarding waste electrical and electronic equipment the extended producer responsibility includes all of the
methods to be used in design, production and sales support that will ensure the effective use and continuity of
use of these equipments throughout their lifetime, including maintenance-repair, reuse, recycling and disposal
processes in order to reduce the environmental impact of products and ensure resource efficiency.
E-waste is divided into 6 different categories due to the different components they contain and the different
recycling applications of these components, and it is aimed to collect them effectively in this way. Separate
collection of waste electrical and electronic equipment is carried out according to the following categories.

Figure 3. Electrical and Electronic Equipment (REC, 2016). [5]
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In the by-law on Control of Waste Electrical and Electronic Equipment, the collection targets for electrical
and electronic equipment categories are determined as years (kg/person-year). [2]
In the draft by-law prepared within the scope of the EU harmonization process, the collection targets are set
as % targets throughout the country.
Producers can fulfill their responsibilities in e-waste management individually as well as with other producers
by becoming a member of an Authorized Organization.
Authorized organizations have been authorized in different collection categories in order to fulfill the
obligations of the manufacturers within the scope of the by-law on Control of Waste Electrical and Electronic
Equipment.
The most important responsibility for the collection of e-waste rests with the municipalities. Municipalities
are responsible for preparing a management plan for the separate collection of e-waste, informing the public
within the framework of this plan, carrying out the collection process and establishing Waste Collection
Centers at points easily accessible by consumers.
E-waste management is provided within the scope of the Zero Waste Project initiated in 2017 under the
auspices of First Lady Ms. Emine ERDOĞAN, expanded producer responsibility and collection systems
within the scope of the by-law on Control of WEEE (O.G. 22.05.2012/28300) in Türkiye.
Within the collection system in Türkiye, there are distributors as well as producers and municipalities.
Distributors are obliged to have the necessary collection equipment at the sales points and to inform the
consumers.
Waste electrical and electronic equipments collected through collection systems are processed in facilities
that have obtained environmental permits and licenses from Ministry of Environment, Urbanization and
Climate Change, and they are recycled/recovered.

3. DEVELOPMENT OF WEEE AND ROHS LEGISLATION IN THE EU AND TÜRKİYE

Figure 4. Historical situation of WEEE legislation in EU and Türkiye [4]

In Türkiye, legal and technical regulations in order to protect the environment and human health from the
production of electrical and electronic equipments to their final disposal have been determined by the by-law
on Control of Waste Electrical and Electronic Equipment published in the Official Gazette dated 22.05.2012
and numbered 28300.

Figure 5. Symbol of ROHS-WEEE
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In the period when the said by-law was published in Türkiye, the EU directives were updated. In this context;
The Directive on Waste Electrical and Electronic Equipment (2012/19/EU, WEEE) [1] and the Directives on
the Restriction of the Use of Certain Hazardous Substances in Electronic Equipment (2011/65/EU, RoHS II)
and (2017/2102/EU, RoHS II) have been updated.
"The Project for Harmonization of the Current WEEE Regulation with the Current EU Legislation" was
carried out in order to update the aforementioned Regulation implemented in our country in line with the
current EU legislation, to examine the relevant directives in terms of our country's stakeholders and our
national environmental policy, and to transfer changes to our national legislation. In this context, the
following legislative drafts have been prepared within the framework of the harmonization of our country's
legislation with the current European Union legislation.
• “Waste Electrical and Electronic Equipment Management Draft”: It has been prepared for the purpose
of regulating legal, administrative and technical procedures and principles on preventing the formation
of waste electrical and electronic equipment (WEEE) in order to protect and develop the environment in
a sustainable way, collecting WEEE separately in cases where it cannot be prevented, and preparing it
for reuse in order to reduce the amount of WEEE to be disposed of, determining recycling, recovery
methods and targets, circular economy Management of waste electrical and electronic equipments
within a certain management system, including zero waste management system, based on the principles
of environmental and resource efficiency, in a way that will not harm the environment and human
health, and strategies and policies for determining the framework for the implementation of extended
producer responsibility for manufacturers of electrical and electronic equipments.
• “Draft By-law on the Restriction of the Use of Certain Hazardous Substances in Electrical and
Electronic Equipment”: It has been prepared in order to determine the procedures and principles
regarding the restriction of the use of dangerous substances in electrical and electronic equipments in
order to contribute to the protection of human health and the environment, including the
environmentally friendly recycling and disposal of waste electrical and electronic equipment.
As a result, we fully believe achieving successful results in the management of waste electrical and electronic
equipments with the studies, projects and plans we have prepared for the future.

4. CONCLUSIONS
Correct management of electrical and electronic equipment throughout its entire life cycle; resource
efficiency, circular economy and the recovery of precious metals and the reuse of recycled materials are of
great importance from a sustainability point of view.
In this context, with the regulations made by our Ministry in order to ensure the efficient management of
electrical and electronic equipment and waste electrical and electronic equipment will contribute to the
achievement of our country's goals in the field of waste management.
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Gaseous Elemental Mercury Emissons from
Selected E-Waste Processing Facilities in
Turkey
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Abstract
The amount of mercury contained in each unit of electrical and electronic waste (WEEE) is low (about 210 mg per equipment). However, it is estimated that all the mercury in the annually produced WEEE
accounts for about 22% of the world mercury consumption. Facilities focusing on WEEE recycling have
grown enormously in recent years and unfortunately some of this e-waste contains mercury or mercury
compounds. The mercury may be released into the environment from consumer products during the
recycling processes. Additionally, the recyclers themselves face the possibility of mercury exposure.
Environmentally sound management of WEEE needs to involve the informal recycling industry which
plays an important part in waste management. The global Minamata Convention on Mercury (Hg),
created recently through the United Nations Environmental Programme, requires its signatories to
perform improved atmospheric Hg monitoring and characterization of Hg sources. In this study, we
evaluate the gaseous mercury emissions from selected licensed WEEE facilities to the atmosphere in
different provinces of Turkey by employing a passive air sampling technique.
Keywords: waste electric and electronic equipment (WEEE), e-waste processing, mercury, air, passive
sampling

1. INTRODUCTION
Discarded computers, electronic office equipment, electronic entertainment gadgets, mobile phones,
television sets, and refrigerators are all examples of electrical and electronic waste, or e-waste (WEEE)
(Wikipedia, 2022). Every year, an estimated 50 million tons of e-waste are produced (Sthiannopkao and
Wong, 2013). Epoxy resins, fiberglass, polychlorinated biphenyls, polyvinyl chlorides, thermosetting
polymers, lead, tin, copper, silicon, beryllium, carbon, iron, aluminum, cadmium, mercury, and thallium are
among the substances present in WEEE (Chan et al., 2007). Mercury can be found in flat-screen monitors, tilt
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switches such as mechanical doorbells and thermostats and especially in fluorescent tubes having various
applications in our living and working environments (USEPA, 2012). Such toxic compounds in WEEE can
enter the environment through the waste stream and end up in surface water, groundwater, soil and air.
Consequently, such chemicals may have a negative impact on the biotic and abiotic environment as well as
humans (Puckett et al., 2012; Chen et al., 2011; Frazzoli et al., 2010; Needhidasan et al., 2014). The
Minamata Convention on Mercury was recently ratified as a global treaty to protect human health and the
environment from anthropogenic mercury emissions and releases (Mishima and Brown, 1992; Jesty, 2011;
MEJ, 2013). As of 2022, 128 countries became signatories of the Convention whereas 137 countries became
a party to it (https://www.mercuryconvention. org/en/parties). Turkey signed the treaty in 2014. Signatory
countries are obliged to ban new mercury mines, phase out existing ones, control air emissions, and regulate
the informal sector of artisanal and small-scale gold mining. Moreover, the Convention requests that “parties
endeavor to cooperate to develop and improve geographically representative monitoring of mercury (Hg)
levels in environmental media (UNEP, 2013). Gaseous elemental mercury (GEM) is one of three atmospheric
mercury (Hg) forms and typically makes up >95% of total Hg. The long atmospheric residence time of GEM
implies that its long-range atmospheric transport is the primary environmental distribution mechanism
(Driscoll et al., 2013; Lin et al, 2006). Due to high purchasing and operational costs of the instruments in
addition to technical training requirements for automated Hg monitoring techniques, gaseous Hg monitoring
data in Turkey and in many other parts of the world are limited. As in the case for persistent organic
pollutants (POPs), passive air samplers (PASs) have the potential to overcome the limitations of existing
techniques for monitoring atmospheric Hg. Such sampling devices require no electrical energy, are low cost,
and are easy to deploy concurrently at multiple locations (McLagan et al., 2019). The aim of the current study
is to investigate concentrations of GEM at sites in the vicinity of selected WEEE processing facilities in
Turkey and compare them to levels at background sites.

2. MATERIALS AND METHODS
2.1. Sampling, Sample Analysis and Air Concentration Calculation
Sampling was conducted using a passive gaseous Hg sampler (Hg-PAS), which was described in detail by
McLagan et al. (2016). Briefly, GEM was sorbed on a sulfur-impregnated activated carbon (HGR-AC,
Calgon Carbon) which was placed in a stainless-steel mesh cylinder. The HGR-AC filled mesh cylinder was
placed in a porous polyethylene diffusive barrier (white diffusive body, Radiello®) which controlled the rate
of diffusion from the atmosphere to the sorbent. Finally, the sampler was housed inside a polypropylene
container to protect the sampler from wind and rain during the course of the sampling. Previous studies
reported (McLagan et al., 2017; 2018) that meteorological parameters such as wind speed and temperature
have a minor and quantifiable impact on the rate of mercury uptake in the Hg-PAS. Samples were collected in
the vicinity (5-20 m) of 20 WEEE facilities located in 8 different provinces of Turkey from June 2021 to May
2022. Additionally, samples were collected from background sites in each province.
A Direct Mercury Analyzer (DMA-1) (Milestone Inc.), which operates based on thermal decomposition,
amalgamation, and atomic absorption spectroscopy (USEPA Method 7473) was used to determine the GEM
concentrations in the HGR-AC. The measured mass of Hg (m in ng) sorbed to the HGR-AC, a sampling rate
(SR in m3/day), and the sampling duration (t in day, in the current study: 92-101 days) were used to estimate
gaseous Hg concentration (C in ng/m3 = m / (SR/t)). Details are given by McLagan et al. (2016).

3. RESULTS AND DISCUSSION
Preliminary results from the first seasonal sampling campaign are shown in Figure 1. GEM level in blank
samples was 0.082±0.026 ng/m3 (0.05-0.12 ng/m3; n=12). At background sites, the average GEM
concentration was 2.31±0.73 ng/m3 (1.23-3.63 ng/m3) while the average value at WEEE sites was 29.1±63.9
ng/m3 (1.87-271 ng/m3). Mean annual GEM concentrations at remote background sites range from 1.5 to 1.7
ng/m3 in the Northern hemisphere and from 1.1 to 1.3 ng/m3 in the Southern hemisphere (Gustin et al., 2011;
Pirrone et al., 2013). McLagan et al. (2019) reported GEM levels between 4.47 and 6700 ng/m3 in the
Abbadia San Salvatore mine (ASSM) area in central Italy, historically the third largest site of Hg production
globally behind Almadén (Spain) and Idrija (Slovenia). The same researchers found the GEM concentrations
to be between 1.26 and 166 ng/m3 in the district of Monte Amiata surrounding the ASSM. In the current
study, atmospheric GEM concentrations at sampling sites in proximity to e-waste recycling facilities were
0.73-142 times (18±37) higher than at the background sites.

64

Gaseous Elemental Mercury Emissons from Selected E-Waste Processing Facilities in Turkey
Perihan Binnur Kurt-Karakuş, Mustafa Odabaşı, Merve Özkaleli Akçetin, Aşkın Birgül, Melik Kara, Yetkin
Dumanoğlu, Jabir Syed, Frank Wania

Figure 1. Ambient air concentrations of gaseous elemental mercury (ng/m3) at sampling sites.

Concentration levels at background sites observed in the current study were in the range of, or slightly higher
than, remote background sites in the Northern and Southern hemispheres. Some of the sites in the proximity
of WEEE processing sites showed elevated GEM levels, with one site in Ankara showing particularly high
concentrations (site A6, 270 ng/m3), not unlike those in the vicinity of the ASSM.

Figure 2. Comparison of ambient air concentrations of gaseous elemental mercury (ng/m3) detected in the current study to
the levels detected in other parts of the world (Ghana and Norway: Snow et al., 2021; Poland: Prokopowicz and Mniszek,
2005; Sweden: Langworth et al., 1997; Mongolia: Baatartsol et al., 2015; China: Xu et al., 2020; Italy: McLagan et al.,
2019) (1:statinary passive sampling, 2: stationary active sampling; 3: personal active sampling; 4: portable Hg analyzer;
5: personal passive sampling; * geometric mean; * median; * mean)

Figure 2 compares ambient air average GEM concentrations detected in background and WEEE sites in the
current study to the levels reported in the other parts of the world. Although sampling methods in these
studies vary, as the concentration levels are expressed in ng/m3, still they are comparable. Average ∑Hg
concentration at WEEE sites in the current study (29.1 ng/m3) was higher compared to levels detected at a
WEEE site in Norway (5 ng/m3, geomean, Snow et al., 2021) but lower compared to concentration level
detected by personal passive sampler (500 ng/m3, Snow et al., 2021) at the same WEEE site in Norway.
Results of the current research clearly show that WEEE sites act as point sources of gaseous elemental
mercury to the atmosphere in the areas where these facilities are located. As a signatory to the Minamata
Convention, Turkey is obliged to reduce Hg emissions to the environment. In this context, monitoring studies
are needed to reveal the current status of Hg emissions across the country and Hg-PAS samplers can be used
effectively in such an effort.
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Pre-Treatment Procedure for Effective
Bioleaching of Metals From Large Waste
Printed Circuit Board (WPCB) Pieces
Rabia Konakcı1, Murat Pekcan 2, Yusuf Çağatay Erşan1*
Abstract
Rapid technological advances and related decreases in the circulation rate of electronic equipment cause
increases in the amount of electronic waste. Owing to their valuable metal content, Waste Printed Circuit
Boards (WPCBs), are considered one of the major secondary metal sources. As methods such as
hydrometallurgical and pyrometallurgical have been used in metal recovery from WPCBs,
environmentally friendly and economically more advantageous biohydrometallurgical methods. However,
if one can recover metals from larger boards, the remaining plastic board can be reused which may also
avoid the energy-intensive thermal plastic recycling process. Therefore, it is necessary to explore pretreatment methods that allow direct use of large WPCBs in metal recovery processes. This study presents
the efficiency of various chemical pre-treatment procedures for removal of solder masks from large
WPCBs. Process time and weight loss were compared among different pre-treatments. The pretreatments for removing the solder mask were the application of 10 M NaOH solution to PCB parts for 12
hours (N12), 24 hours (N24), 48 hours (N48), the application of 3 M NaOH solution together with heat
treatment for 2 hours (NH2) and the application of 14.7 M hydrogen peroxide (H2O2) for 3 hours (H3).
Coupling heat treatment together with the chemical treatment enabled saving of chemical costs and led to
a decrease in chemical waste stream. Furthermore, NH2 was also more efficient in terms of process time
and labour work. After NH2 pre-treatment, large waste printed circuit boards (WPCBs) were usable for
bioleaching of metals and showed less toxicity on microorganisms.
Keywords: biometallurgy; bulk treatment; e-waste; NaOH pretreatment; large PCB; recycling

1. INTRODUCTION
Due to the rapid advancements in technology, the widespread production of electrical and electronic
equipment (EEE), and the short lifespan of the equipment, waste electrical and electronic equipment (WEEE)
has emerged as the most rapidly growing solid waste stream in the world [1],[2]. Approximately 50 million
tons of e-waste are produced annually worldwide [3]. Waste printed circuit boards (WPCBs), an important
1
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part of the WEEE, have been notable for recycling due to their highly valuable metal content along with the
variety of toxic metals that can be harmful to both human health and the environment [3],[4]. WPCBs, which
are an important source of secondary metals, contain both basic metals and precious metals and thus, it is
crucial to recover the valuable resources in WPCBs using the best available techniques. Recovery of metals
from WPCBs could be achieved by pyrometallurgical, hydrometallurgical, and biohydrometallurgical
techniques [3],[5],[6]. Hydrometallurgical and pyrometallurgical techniques are the most common methods
used to recover metals from WPCBs. However, these methods create significant environmental burden due to
their relatively high energy requirements and chemical waste generation such as dioxins and furans.
Pyrometallurgy requires intense heating processes, and the hydrometallurgical methods require the use of
considerable amount of chemicals to recover metals [5]. Biohydrometallurgical approach is considered as one
of the most environment-friendly methods, because it consumes less energy, and the capital expenditure is
relatively lower than the others [7]. Therefore, following the worldwide critical actions (i.e., agreements,
legislations, etc.) on minimizing the environmental footprint of processes, biohydrometallurgical methods
gained more importance in recovery of the valuable metals from WEEE. In this method, microorganisms and
microbial processes are used to recover precious metals from electronic waste. The most commonly
investigated two stages of the biohydrometallurgical process are bioleaching and biorecovery. The transition
of metals from the solid phase to the liquid phase by means of microorganisms is known as bioleaching. In
addition, a biorecovery step is the extraction or separation of metals from leachate by several techniques such
as biosorption, bioaccumulation or biodepositon [8].
The structure of WPCBs is quite complex which is comprised of about 60 different types of elements,
including approximately 30% plastics, 30% ceramics, and 40% metals [9],[10]. Furthermore, they contain a
variety of harmful substances such as brominated flame retardants (BERs), polybrominated biphenyls (PBB),
heavy metals, and rare earth elements. Many electronic materials use PCBs, which have a multi-layer
structure [11],[12]. Figure 1 shows substrate fiberglass layers, copper foils layers, conductor lines and solder
mask on the PCBs.

Figure 1. The multi-layer PCB structures [12]

The main pre-treatment methods prior to leaching are mechanical methods that include dismantlement, size
reduction and separation, and suitable chemical methods that remove chemicals such as solder mask on the
PCB surface [13]. The solder mask on the PCB surface prevents microorganisms and their secreted
metabolites to reach the metals. Therefore, before applying any microbial processes on WPCBs, the removal
of the solder mask is crucial [14]. The removal of the coating may also enable the direct use of a large PCB in
the bioleaching process without applying any mechanical grinding. In such case, the plastic board can also be
reused without requiring energy intensive plastic recycling processes. Accordingly, in this study, various
physico-chemical and thermo-chemical pre-treatments have been tested in order to remove the solder mask
from the large WPCBs. Solder mask removal via different physico-chemical and thermo-chemical methods as
well as their combinations were assessed thoroughly.

2. MATERIALS AND METHODS
WPCBs of laptop computers were used in this study. The heat gun was used to remove the capacitors,
conductors, resistors, and all other removable large components. The solder connections between the WPCB
and the components was heated by using the heat gun. The heating process loosen the solder and the parts on
the surface can be easily removed. Cleaned WPCBs were cut in equal pieces by using a manual paper cutting
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machine in order to achieve many testable pieces from each WPCB. Various physico-chemical methods,
thermo-chemical methods and their combination were tested in order to clean the solder mask on the printed
circuit boards (PCB) and reveal the metal parts for further bioleaching processes. In total, eight different
pretreatments were tested:(i) immersion of WPCBs in 10 M NaOH solution for 12 hours (N12), (ii)
immersion of WPCBs in 10 M NaOH solution for 24 hours (N24), (iii) immersion of WPCBs in 10 M NaOH
solution for 48 hours (N48), (iv) immersion of WPCBs in 3 M NaOH solution at 85ºC for 2 hours (NH2), (v)
immersion of WPCBs in 14.7 M hydrogen peroxide (H2O2) solution for 3 hours (H3), (vi) combination of
N12 and NH2, (vii) combination of N24 and NH2, (viii) combination of N48 and NH2. In Table 1, the
details of each setup are given.
Table 1. The details of each pretreatment process
Color
of The
Solder
Mask

Method

Number
of Tested
Pieces

Size of
The
Pieces
(cm×cm)

The Total
Weight of
Immersed
Material
(g)

The
Molarity
of The
Treatment
Solution

The
Duration
of The
Test

Temperature

N12

3

4×6

54 g

10 M
NaOH

94

12 h

-

N24

3

4×6

54g

10 M
NaOH

94

24 h

-

N48

3

4×8

89 g

10 M
NaOH

154

48 h

-

NH2

3

4×6
91g

3 M NaOH

158

2h

85 ºC

NH2

3

4×4

Green

Blue

The Total
Volume of
The
Treatment
Solution
(mL)

2.1. Physico-chemical treatments with 10 M NaOH solution
In this method, three different immersion durations: (i) 12 hours (N12), (ii) 24 hours (N24) and (iii) 48 hours
(N48) were tested. After removing components such as processor, socket from the card surface, WPCBs were
immersed in 10 M NaOH solution for different time periods and at the end of the treatment they were scraped
with the help of a spatula.

2.2. Physico-chemical method with 14.7 M hydrogen peroxide (H2O2)
In this method, 14.7 M H2O2 solution was prepared, and 2 cards with a dimension of 4 cm × 4 cm were kept
in this solution for 3 hours as described in [10]. Then the solder mask was scraped off with the help of
spatula. Since an efficient result could not be obtained with this method, it was not included in further tests.

2.3. Thermo-chemical method with 3 M NaOH solution and a heating plate
Apart from the physico-chemical methods, a thermo-chemical method was also tested. In this method,
WPCBs with two different solder mask colors (green and blue) were tested and the effect of color differences
of PCBs on the process was also determined. In order to test the NH2 method, 3 pieces of each color were
prepared and a total of 6 pieces were processed (Table 1). A hot plate was used to heat up the treatment
solution up to 85˚C. The treatment lasted for 2 hours. After the process, the cards were washed under water.
After the cards were dried, their final weights were recorded.
The effectiveness of the pretreatments was calculated with the weight loss percentage formula given in Eqn.
(1) and compared with each other. Whether this weight loss includes any metal loss was also tested by
performing metal analysis to the treatment solutions.
!"#$ℎ& ()**(%) =
(1)

!!"#$" "!%&'#(
!!"#$"

× 100

mstart: Dry weight of the WPCB piece after cleaning with heat gun and cutting,
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mfinal: Dry weight of the WPCB piece after the tested treatment procedure

2.4. Determination of the metal content of the treatment solution after NH2 treatment
In order confirm that the weight loss was only due to the solder mask removal and there was no significant
metal leaching to the treatment solution during the thermochemical treatment, the remaining solution of NH2
treatment (85°C) was analysed for metal presence. In addition to this analysis, metal analysis was carried out
in the solution after NH2 treatment at 70°C. The metal content analysis of the 3 M NaOH solution after two
different NH2 treatments (at 70 °C and at 85 °C) was conducted by using ICP-OES (Thermo Scientific İCAP7400). Metals present in the WPCBs, namely. Cu, Ni, Fe, Sr, Sn, Sb, Au, Pt, Ag, Pd were measured.

3. RESULTS AND DISCUSSION
Physico-chemical methods were compared among themselves and with the thermo-chemical method. In
addition, the effect of the thermo-chemical method (N#+NH2) coupled with the alkaline physico-chemical
pre-treatments (N12, N24, and N48) was compared with the plain thermo-chemical method (NH2) treatment.
Among the methods applied separately (N12, N24, N48, NH2), it was determined that the most effective
method was the NH2 method, in which the cards were exposed to 3 M NaOH at 85ºC for 2 hours. In Figure 2,
it can be seen to what extent the solder mask on the front and back surfaces of the PCB in two different colors
was removed as a result of NH2 process.

Figure 2. Changes in the cards after thermo-chemical pretreatment a-b: Front and back of the card with green color before
NH2 treatment, c-d: Front and back sides of the card with blue color before NH2 treatment, e-f, and g-h: front and back of
the cards after NH2 treatment

Figure 3 shows the changes in the surface of WPCB pieces upon N12 and N12+NH2 treatments. It was
observed that only a small part of the green solder mask on the card surface could be cleaned after the
physico-chemical N12 treatment (Figure 3 b,e), while the green part could be completely removed from the
card upon an additional NH2 treatment (Figure 3 c,f).

Figure 3. Change in cards after N12 treatment and N12+NH2 sequential combinations (a, d): Front and back sides of the
card before N12 treatment, (b, e): Front and back sides of the card kept in 10 M NaOH solution for 12 hours, (c, f): The
front and back of the card exposed to 3 M NaOH solution at 85 ˚C for 2 hours after N12 treatment

Figure 4 shows the changes in the surface of WPCB pieces upon N24 and N24+NH2 treatments. It was
observed that only a small part of the green solder mask on the card surface could be cleaned after the
physico-chemical N24 treatment (Figure 4 b, e), while the green part could be completely removed from the
card upon an additional NH2 treatment (Figure 4 c, f).
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Figure 4. Change in the cards after N24 treatment and N24+NH2 sequential combinations (a, d): Front and back sides of
the card before N24 treatment, (b, e): Front and back sides of the card kept in 10 M NaOH solution for 24 hours, (c, f): The
front and back of the card exposed to 3 M NaOH solution at 85 ˚C for 2 hours after N24 treatment

Figure 5 shows the changes in the surface of WPCB pieces upon N48 and N48+NH2 treatments. It is seen
that almost all metal connections were cleaned in the N48 method, with much better removal than N12 and
N24 methods (Figure 5 b, e). Additional NH2 treatment resulted in complete removal of the solder mask from
the cards (Figure 5 c, f).

Figure 5. Change in the cards after N48 treatment and N48+NH2 sequential combinations (a, d): Front and back sides of
the card before N48 treatment, (b, e): Front and back sides of the card kept in 10 M NaOH solution for 48 hours, (c, f): The
front and back of the card exposed to 3 M NaOH solution at 85 ˚C for 2 hours after N48 treatment

In addition to visual comparison, tested pre-treatment methods were also compared using quantitative data.
Table 2 summarizes the average percent weight changes in WPCBs after each of the pretreatment process.
While equal size card pieces are used for each transaction, card sizes differ in each method. For this reason,
comparison of percent weight losses was preferred instead of the comparison of direct weight losses. While
interpreting the data obtained, it should be considered that N12, N24, and N48 are physico-chemical methods,
while NH2 is a thermo-chemical method. According to the weight change results, the simple N12, N24 and
N48 processes provided a weight change between 1.5-2.5%. The minor variation among values was attributed
to the factors that cannot be standardized, such as scraping intensity, and heterogeneity of metal areas on the
cards.
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Table 2. Weight changes after different pretreatments
Weight Change (%)
N12

2.6 ± 0.3

N12+NH2

8.7 ± 3.4

N24

1.3 ± 0.2

N24+NH2

5.6 ± 0.3

N48

1.5 ± 0.1

N48+NH2

3.6 ± 0.1

NH2-G

4.5 ± 0.8

NH2-B

3.6 ± 0.5

Solder mask removal in NH2, which is one of the pre-treatments tested, was achieved in a shorter treatment
duration and by using less chemicals compared to the other methods. As can be seen in Table 2, both the
simple NH2 treatment and the other pretreatments combined with NH2 provided more weight loss than the
simple N12, N24 and N48. One of the important points here is whether the metals in the PCBs were also
leaching into the treatment solution during the thermo-chemical processing. This was checked by performing
analysing the treatment solution for the presence of metals.
Table 3, the details of the cost of physico-chemical and thermo-chemical processes are given. While the
pretreatment cost of 1 ton of WPCB is 7960 TL with the NH2 method, this value is 10880 TL with the
physico-chemical method with 10 M NaOH solution. Considering the amount of chemicals used during the
pretreatment, the cost, and the processing time, it is seen that the best solder mask removal is obtained with 3
M NaOH (NH2).
Table 3. The details of the cost of physico-chemical and thermo-chemical processes

Physicochemical
method with 10
M NaOH
solution
Thermochemical
method with 3
M NaOH
solution and a
heating plate

Amount of
NaOH / 1 pc of
WPCB

Cost of NaOH/
1 pc of WPCB

Cost of
electricity/
1
pc of WPCB

Total cost for 1
pc of WPCB

Total cost for 1
ton of WPCB

200 g NaOH/500
mL*

2.72 TL

-

2.72 TL

10880 TL

60 g NaOH/500
mL**

0.82 TL

1.17 TL ***

1.99 TL

7960TL

It is assumed that 1 pc of WPCB is approximately 250 g.
In both methods, 500 mL of NaOH solution is used for a PCB.
The price of 1 ton NaOH is approximately 13600 TL.
Molecular weight of NaOH is 40 g/mol.
*NaOH required (g) for 10 M NaOH (500 mL)
10 mol NaOH/Lx0.5 Lx40 g/mol = 200 g NaOH
Total cost for 1 ton of WPCBs after physico-chemical method with 10 M NaOH solution
(106 g of WPCB)x(2.72 TL/1 pc of WPCB)/(250 g of WPCB) = 10880 TL
**NaOH required (g) for 3 M NaOH (500 mL)
3 mol NaOH/Lx0.5 Lx40 g/mol = 60 g NaOH
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*** The heating plate used in the thermo-chemical method is 450 W. The amount of electricity used after two
hours of process is 0.90 kWh.
1 kWh = 1.30 TL (According to EPDK data on 26.08.2022)
0.90 kWh/1 pc of WPCBx1.30 TL/1 kWh = 1.17 TL/1 pc of WPCB
Total cost for 1 ton of WPCBs after thermo-chemical method with 3 M NaOH solution and a heating
plate
(106 g of WPCB)x(1.99 TL/1 pc of WPCB)/(250 g of WPCB) = 7960 TL
Unlike the physicochemical methods, it was seen that after all successive combinations (N+NH2), the shiny
metal surface under the solder mask also disappeared/changed in color (Figure 3 c, f, Figure 4 c, f, Figure 5 c,
f). This raised the suspicion that in sequential combinations the process might become severe and caused
metal loss. Since the purpose of the pretreatments applied before bioleaching was only to eliminate the solder
mask and to create microbial contact surfaces, it was undesirable for the metals in the PCBs to go into the
solution during the pretreatment. For this reason, metal analyzes were made in the treatment solutions and it
was tested whether successive combinations caused the metal loss.
After NH2 pre-treatment at 70 ºC and 85 ºC, the metal content in the 3 M NaOH solution was determined by
the ICP-OES. Table 4 presents the metal content of the treatment solution after NH2 pre-treatment.
Table 4. The content of the solution formed after NH2 treatment with ICP analysis

Metals (ppb)

85 ºC

70 ºC

Mass in liquid 85 ºC
(g)

Mass in liquid 70ºC
(g)

Cu

168.203

< LOD

8.41x10-5

< LOD

Ni

0

0

0

0

Fe

122.567

128.065

6.12x10-5

6.40x10-5

Sr

850.833

884.966

4.25x10-4

4.42x10-4

Sn

17429.150

24.419

8.71x10-3

1.22x10-5

Sb

0

0

0

0

Au

100.965

< LOD

5.05x10-5

< LOD

Pt

0

0

0

0

Ag

< LOD

0

< LOD

0

Pd

29.330

< LOD

1.47x10-5

< LOD

LOD: Limit of detection for the instrument was determined as 10 ppb

PCBs contain large amounts of copper as the base metal. In Table 4, the leaching of Cu metal to NaOH
solution was higher at 85 ºC than at 70 ºC. Upon pre-treatments at 70 ºC and 85 ºC, NH2 procedure did not
cause any leaching of nickel (Ni) and antimony (Sb). The amount of iron (Fe) and strontium (Sr) was
approximately the same after both pre-treatments. It was seen that the amount of tin (Sn) in the solution was
the highest at 85 ºC. Finally, when the precious metal contents in the solution were examined, it was found
that trace amounts of palladium (Pd) and gold (Au) leached to the treatment solutions if the NH2 treatment
was conducted at 85 ºC. Neither Platinum (Pt) nor silver (Ag) leached in both treatment temperatures. These
results indicated that although there was some metal leaching to the treatment solution, the leached content
was not significant enough to contribute to the overall weight loss

4. CONCLUSIONS
Obtained results with various pretreatments revealed that it was possible to treat WPCBs without grinding
into small pieces which is promising to prevent generation of microplastics and also to preserve the recycling
or the reuse value of the plastic parts in WPCBs. As a result of the physico-chemical and thermo-chemical
methods, it was determined that NH2 always provides more solder mask cleaning than N12, N24 and N48 in
a reproducible manner when compared to simple pretreatments. It was seen that the NH2 treatment was more
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effective in removing the solder mask than the other pretreatments. Since this method is a thermo-chemical
method, the amount of energy cost was also taken into account in terms of energy use. It was seen that the
thermo-chemical method can be more cost-effective than the physico-chemical method during the pretreatment of 1 ton of WPCBs. Since there was more metal loss at NH2-85 ºC, it was concluded that metal loss
would be even higher in N#+NH2 methods. However, when NH2-70 ºC and NH2-85 ºC were compared,
NH2-70 ºC was more applicable in terms of both precious metals and base metals while it was providing
similar solder mask removal efficiency. It was also found that the solder mask color does not cause any
difference in the performance of pre-treatment process. It was concluded that pre-treatment of WPCBs by
NH2-70 ºC could be an efficient method in terms of process time, solder mask removal efficiency,
preservation of metals, applicability, and cost.
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Abstract
E-waste processing facilities are hot spots for several chemicals to the environment including flame
retardants. The current study investigates certain brominated flame retardants (FRs) emissions to air
from selected waste electrical and electronic equipment (WEEE) processing facilities in Turkey by
employing passive air sampling technique. As WEEE has been recognized as a potential source of
contaminants including flame retardants to the environment, severe environmental pollution and human
health problems may arise from these sites if such wastes are not recycled properly. Researches
conducted in other parts of the world reported extremely high concentrations of PBDEs in soil, dust, air
and biological samples collected nearby WEEE processing facilities. As a signatory to the Stockholm
Convention, which is an international agreement to protect human and environmental health from the
adverse effects of persistent organic pollutants (POPs) including certain brominated flame retardants,
Turkey is obliged to perform improved monitoring and characterization of POPs sources to the
environment. As the turnover of WEEE in waste management facilities has grown rapidly in recent years,
we think such facilities may act as “hot spots” of FRs emissions to air. To the authors’ best knowledge,
the current study aiming to determine the emissions of selected organic brominated FRs to the air from
licensed WEEE processing facilities is the first study in Turkey to investigate such an environmental
pollution status.
Keywords: waste electric and electronic equipment (WEEE), e-waste processing, Stockholm Convention
flame retardants (POP-FRs), air, passive sampling

1. INTRODUCTION
In the second half of the 20th century, there was an enormous increase of consumption-based economy in all
over the world and this resulted in an ever-increasing threat for environmental sustainability. Waste Electrical
and Electronic Equipment (a.k.a WEEE or e-waste) is an interest of concern since increasing use of
electronics and electrical equipment (EEEE) and their decreasing life spans result in significant quantities of
EEE to become obsolete and discarded across the world. WEEE is a mixture of plastics, glass, metals and
ceramics and all these materials may contain toxic chemicals such as brominated legacy flame retardants
1
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(BFRs), novel brominated flame retardants (NBFRs) and halogenated alternative flame retardants (HFRs),
polychlorinated biphenyls (PCBs), metals and various other potentially hazardous compounds (Robinson,
2009). Among the flame retardants, polybrominated diphenyl ethers (PBDEs) were the most extensively used
flame retardant chemicals in recent decades in many consumer products including electronics (Alaee et al.,
2003; Sakai et al., 2001; Alcock et al., 2003). Many of these FRs are highly persistent in the environment and
a cause for environmental contamination as a result of discharges from production plants, from the use of
commercial consumer products and from the end-of-life materials (Allen et al., 2008; Imm et al., 2009, Shaw
et al., 2010, Wong et al., 2007a-c).
In recent years, international scientific community has raised its concerns on possible human and adverse
environmental health effects of halogenated or non-halogenated organic flame retardants (FRs) that are
released from e-waste recycling. As a consequence, commercial PBDEs (c-PentaBDE, c-OctaBDE and cDecaBDE), hexabromobiphenyl (HBB), hexabromocyclododecane (HBCDD) have been added to Annex A
of the Stockholm Convention (Stockholm Convention, 2017) and thus officially recognized as persistent
organic pollutants (POPs). Hence, listing of POP-PBDEs prohibits their production, use, import and export
with some defined exemptions. Additionally, article 6 of Stockholm Convention requires that wastes
containing POPs have to be managed in a manner protective of human and environmental health. Therefore,
Stockholm Convention signatory countries are required to take appropriate measures to reduce or eliminate
release of the PBDEs listed under the Convention from stockpiles and wastes. Stockholm Convention entered
into force in Turkey in 2010. The main goal of the current study is to conduct an investigation on the seasonal
and spatial distribution of the brominated flame retardant POPs in nearby and background sites of selected
WEEE processing facilities in Turkey and estimation of emissions to air of these chemicals from such
facilities.

2. MATERIALS AND METHODS
2.1. Sampling
Passive air samples (Shoeib and Harner, 2002) were collected using dome shape stainless-steel housings and
flame retardant free certified polyurethane foam (PUF) disks nearby of 20 WEEE facilities located in 8
different provinces of Turkey. All facilities were officially licensed by the Ministry of Environment
Urbanization and Climate Change. Sampling was conducted between June 2021 and May 2022. Additionally,
samples were collected from background sites in each province.

2.2. Sample Preparation and Instrumental Analysis
PUF disks were extracted ultrasonically using chromatography grade acetone and hexane. Clean up of the
extracts were conducted on an Agilent Mega BE-SI (5 gm, 20 mL) SPE column and targeted compounds
were eluted using 30 mL hexane and 30 mL acetone. After volume reduction, samples were analyzed on gas
chromatography-mass spectrometry (GC-MS) which is operated on negative chemical ionization mode.
Chromatographic separation was conducted on a DB-5MS capillary column (15m, 0.25mm, 0.1µm). A total
of 27 PBDE congeners, HBB, γ-HBCDD, PBB-153 and PBB-156 were the targeted chemicals.

3. RESULTS AND DISCUSSION

KI-1
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N-1
Background
M-1

B-2
Background
E-1
E-2
Background

I-1
I-2
I-3
Background
B-1

KO-2
KO-3
KO-4
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A-3
A-4
A-6
A-7
Background
KO-1

Background
A-1
A-2

Ambient air ∑BDE concentration (pg/m3)

Preliminary results from the first sampling season are shown in Figure 1. Among the targeted BFRs PBDE209 was the dominant compound followed by PBDE-206, -207, and γ-HBCDD.

Figure 1. Ambient air concentrations of ∑27PBDEs in Season 1
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Σ27PBDEs concentrations were substantially higher near e-waste processing facilities (1218±5048 pg/m3,
average±SD) compared to background sites (3.1±1.2 pg/m3). ΣPBDE levels were also higher than those
measured in industrial sites in Aliaga region (162±138 pg/m3) where several PBDE emitter iron-steel plants
are located (Odabasi et al., 2015) and in urban sites of Izmir (32±17 and 82± 28 pg/m3) (Cetin and Odabasi,
2008). Elevated PBDE levels near the e-waste facilities suggested that they are important BFR emitters.
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Abstract
For several decades, Liquid Crystal Displays (LCDs) have been widely used in televisions, laptops, mobile
phones, and other devices. Nowadays, considerable quantities of LCDs arrive to their end-of-life (EOL)
phase, and are gathered as WEEE (Waste Electrical and Electronic Equipment), with strong economic and
environmental impact. Liquid crystals (LCs) represent an important economic value of the recycling system
of EOL-LCDs. In view of their technological and economic interest, this investigation is focused
particularly on recycling of LCs molecules from EOL-LCD panels. At first, EOL-LCDs were subjected to
a disassembly process for the separation of various valuable components. This process consists of an
ordered dismantling including separating and recycling of electronic boards, lightning tubes that can
contain mercury, metals, polymers, and other valuable parts. In a second step, LCs were extracted in an
ultrasonic-activated organic solvent bath. The advantages of this extraction method lies in the speed of
recovery of these molecules, and the low contamination effects. Therefore only few purification processes
had to be performed to obtain high quality materials in high yield. Finally, the obtained LCs mixtures were
characterized essentially by spectroscopic and chromatographic techniques, in order to determine their
chemical, optical, thermal and dielectric properties. A study of the influence of adding diamond
nanoparticles (DNP) at 0.05, 0.1 and 0.2 wt% to recycled LCs was also performed using dielectric
spectroscopy.
Keywords: diamond nanoparticles, dielectric properties, liquid crystals, recycling

1. INTRODUCTION
The passion to keep up with the latest technology of millions of consumers, who prematurely throw away their
cell phones, tablets, computers, televisions, etc., and the well-known programmed obsolescence present in all
types of devices, are two of the main causes of the increasing production of waste electrical and electronic
equipment (WEEE) worldwide [1]. According to the United Nations (UN), in 2020, the world generated over
50 million tons of WEEE and only 20% of this waste was properly recycled [2]. In Europe, despite having the
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most advanced waste legislation in the world, only 35% was properly collected and recycled [3]. If no measures
are taken now, the amount of waste will more than double by 2050, to about 120 million tons per year. Because
of its often hazardous materials, WEEE can cause environmental and health damage if they are not properly
managed. It is important to understand that all WEEE are not biodegradable and the lack of proper recycling is
also aggravated by the fact that devices are becoming more and more complex. Effective recovery of their
valuable materials is an expensive process that requires sophisticated technologies. In this regard, the main
objective of our research focuses on the valorization of the different materials present in end-of-life LCDs.
For several years, ENVIE2E Nord, a French company, in partnership with Lille University has been involved
in experimental work aimed at the recovery and reprocessing of certain WEEE. In this context, the objective of
this study focuses on the recovery of liquid crystals (LCs) and other valuable materials present in end-of-life
liquid crystal displays (EOL-LCDs). At present, LCs represent an important economic value in the LCD display
system. The reuse of these organic molecules could become a profitable basis since it permits to preserve the
value of these materials.
LCs have intermediate properties between the solid state and the isotropic liquid state. These intermediate states
are called mesophases from the Greek "mesos (intermediate)". The molecules that are at the origin of a
mesophase are called mesogens [4]. These materials behave physically like a liquid, but at the same time have
the properties of an organized medium. LCs can be classified into two main categories: lyotropic and
thermotropic. In this research, only thermotropic LCs are studied and more precisely, nematic LCs.
This work will be based on the research of innovative ways of purification allowing the reconditioning of these
LCs mixtures. One of the challenges is to detect and neutralize impurities in order to ensure the quality of the
mixture and its conformity for a possible recycling. The presence of inorganic impurities in LCs mixtures causes
a large number of undesirable effects; for example, they tend to increase the electrical conductivity, which can
lead to alter their optical and electro-optical properties [5]. In this work, diamond nanoparticules (DNP) were
chosen to study their impact on inorganic impurities present in the recycled LCs using dielectric spectroscopy.

2. MATERIALS AND METHODS
A large number of EOL-LCDs of a very heterogeneous nature: TVs, computers and tablets of completely
different types, brands, years of production and sizes were used in this study. EOL-LCDs were supplied by the
French recycling company ENVIE2E Nord. An orderly, manual LCD dismantling line is set up at ENVIE2E
for the differentiated recycling of electronic boards, cold cathode lamps that may contain mercury, polymers,
metals and other valuable materials. There is also a LCs extraction line where the LCD panels are opened and
exposed to an ultrasonically activated organic solvent bath. The resulting solution contains the LCs, the solvent
as well as organic and inorganic impurities, especially ions. The details of the extraction process are reported
in a patent developed by Maschke et al. [6].
The first part of this study consists in purifying the extracted LCs mixtures. For this purpose, several distillation
and chromatographic steps were performed. An additional purification step was carried out to capture ions
(inorganic impurities) by addition of nanoparticles to LCs. Diamond nanoparticles were added to the recycled
LCs at 3 different concentrations: 0.05, 0.1 and 0.2 wt%. Then, we obtained purified mixtures of LCs. Finally,
these mixtures were characterized in order to determine their structural, thermal and chemical properties. Figure
1 shows optical aspects of LCs mixtures before and after purification.

Figure 1. (a) Non-purified and (b) purified LCs mixtures. Texture of purified mixtures observed under polarizing optical
microscope (POM) exhibiting a nematic (c) Schlieren and (d) Marble textures at room temperature.

In this work, only results about dielectric properties of recycled LCs will be detailed. Dielectric measurements
were realized at room temperature on non-purified, purified and DNP-doped LCs mixtures. The samples were
inserted into commercial cells with either a homogeneous (HG cell) or a homeotropic (HT cell) alignment. The
real and imaginary (e' and e'') components of the complex dielectric permittivity (e*) were measured using an
impedance analyzer (Solartron Analytical, Ametek) in the frequency range from 0.1 Hz to 106 Hz.
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3. RESULTS AND DISCUSSION
The interest of the dielectric study was mainly focused on the determination of the dielectric anisotropy (Δe)
as well as the electrical conductivity (s*) of LCs mixtures. These are the most appropriate parameters to
consider when determining the type of LCD display device in which the LCs will be used.

3.1. Dielectric Anisotropy of LCs Mixtures
Δe values were obtained from the difference between the dielectric permittivity when the electric field is parallel
to the direction vector "n" (e'// determined with HT cell) and when the field is perpendicular to "n" (e'^
determined with HG cell). Figure 2 presents the dielectric anisotropy of (a) three non-purified LCs mixtures
(NP-M1, NP-M2, and NP-M3) and (b) a representative mixture of purified LCs mixtures and doped for three
concentrations of DNP (0.05, 0.1 and 0.2 %wt).

Figure 2. Dielectric anisotropy as a function of frequency for (a) three non-purified LCs mixtures and (b) a representative
mixture of purified LCs and doped for three concentrations of DNP (0.05, 0.1 and 0.2 %wt).

A fundamental aspect for the reuse of a recycled product is the reproducibility of its properties. The
characteristics of the different LCs mixtures must be almost identical to consider a future reuse. However, a
difference in the anisotropy results has been observed for non-purified LCs mixtures. The values obtained at 1
kHz are: 1.87, 1.99, and 0.90 for the NP-M1, NP-M2, and NP-M3 materials, respectively. The presence of
impurities in these mixtures could explain the non-reproducibility of the values. After purification these
mixtures have equivalent dielectric anisotropy values at 1 kHz: 3.16, 3.51, and 3.36, respectively. It is worth
mentioning that these values are higher than those found for non-purified mixtures due to the significant
reduction of the amount of impurities. Consequently, it was decided to present the results of doped sample for
only one of these LCs mixtures in order to avoid redundancy.
According to figure 2(b), the dielectric anisotropy of the purified sample decreases by ~30% when DNP are
added. A weak dependence between the amount of DNP present in the LCs mixtures and the decrease in
dielectric anisotropy is also noticed. Δe shows the following values: 2.38, 2.25 and 2.17 for DNP concentrations
of 0.05, 0.1 and 0.2 %wt, respectively.

3.2. Dielectric Conductivity of LCs Mixtures
The s'(f) spectra of non-purified, purified and doped (0.05%wt DNP) LCs mixtures in both homogeneous and
homeotropic alignments are shown in Figure 3. In this figure, a plateau in the frequency range from ~1 Hz to
100 Hz which is almost independent of frequency is observed, from where the DC conductivity can be estimated
with the Jonscher model [7]. The solid fitted curves illustrate the good correlation between experimental data
and Jonscher's law. As expected, the non-purified mixture has the highest conductivity compared to the other
samples. It should be noted that the conductivity values of the doped samples are low in the order of 10-10 and
10-11 S×m-1) and close to the limit of resolution of the impedance analyzer. The conductivity of LCs mixtures
decreases significantly with the addition of 0.05% wt DNP for both alignments.
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Figure 3. Real part of the complex conductivity in: a) homeotropic and b) homogeneous alignments as a function of
frequency of non-purified, purified and doped (0.05% DNP) LCs mixtures.

4. CONCLUSIONS
In this report, the results concerning the dielectric characterization of non-purified, purified and DNP-doped
LCs mixtures have been presented. An increase in dielectric anisotropy values at 1 kHz was found for purified
LCs mixtures compared to non-purified ones. For the non-purified samples, the orientation effects were
disturbed by the presence of impurities. In fact, the values of 1.47, 1.99 and 0.90 for the three non-purified
samples were reduced to an average value of ~3.5 after purification. Since the LCs mixtures have the same
characteristics (optical, dielectric, etc.) after purification, only one mixture was used to achieve DNP doping.
Regarding the electrical conductivity of the purified LCs, it decreases significantly with the addition of DNP
for both alignments. All the LCs mixtures studied in this work have conductivity values within the range of
values of conventional nematic LCs.
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Abstract
Today, in order to reduce fossil fuel consumption and to prevent gas emissions (especially greenhouse
gas emissions) that are increasing day by day, vehicles working with electrical energy have started to be
produced and developed. The environmental impact of the batteries of an increasing number of electric
vehicles is an undeniable fact and is predicted to pose a huge problem. In this study, alternative recycling
processes have been determined by examining the literature and the applications for lithium-ion batteries
used in electric vehicles and have completed their life, and these alternatives have been evaluated with
the Multi-Criteria Decision Making (MCDM) methods with technical, economic and environmental
dimensions. For the wastes, the most appropriate recycling method in the context of circular economy has
been determined as “Direct Recycling”.
Keywords: Electric vehicle batteries, lithium-ion, multi criteria decision making, recycling

1. INTRODUCTION
The greenhouse gas emissions caused by the increasing fossil fuel consumption with the industrialization is
the most important reason for the global climate change, which has been the problem of the whole world in
the last century. Today, 20% of the CO2 emissions in the European Union countries originate from road
transport and a significant amount of fossil fuels are used in road transport (Kocabey, 2018). Internal
combustion engine vehicles are the cause of a non-negligible rate of fossil fuel consumption (Can et al.,
2019). At the Paris Climate Summit held in 2016 with the participation of many countries, the importance of
using hybrid and fully electric vehicles (EVs) in reducing global warming was emphasized (Çelebi, 2020).
EVs are seen as having zero CO2 emissions, but to ensure this is true, energy must come from non-fossil fuel
sources such as nuclear and alternative energy (Gündüz and Yakar, 2020). EVs, which are increasing in
number day by day, are seen as the technology of the future in the world and their use is encouraged in most
countries. Parallel to the widespread use of the electric vehicles, the number of batteries used in these vehicles
is also increasing (Can et al., 2019). This will result in an increase in waste batteries that must be collected
and treated appropriately to prevent the disposal of potentially hazardous materials such as cobalt, nickel,
manganese, cadmium, lead, etc. (Cusenza et al., 2019). Also, the increase in raw material demands from the
EV market is projected to create short-term bottlenecks in lithium and battery-grade nickel supply and long1

Corresponding author: Eskişehir Technical University, Department of Environmental Engineering, Eskişehir, Turkey

mozturk@eskisehir.edu.tr

84

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
term excessive copper demand (Abdelbaky et al., 2021). For these reasons, recovery of metals is of great
importance. In 2021, there were two hundred thousand metric tons of EV batteries suitable for recycling. It is
predicted that this amount will reach seven million metric tons by 2035 (Muller et al., 2021). In this study,
alternative recycling processes for lithium-ion batteries that are used in electric vehicles and that have expired
were determined and these alternatives were evaluated in terms of environmental, economic, technical, and
social dimensions with Multi-Criteria Decision-Making method.

2. MATERIALS AND METHODS
Firstly, the criteria were weighted with the Entropy Method, and then the alternatives were evaluated with
two different methods, namely the Analytical Network Process (ANP) and the Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS). The flowchart of the study is given in Figure 1.
MCDM tools are generally used to reach the optimum decision when faced with multiple alternatives with
conflicting and unmeasurable decision criteria. This method is widely used in decision making processes in
science and engineering. MCDM is based on the decision-maker making a choice between at least two
criteria. MCDM has many methods and when a decision maker wants to solve a problem, the first thing to do
is to determine the method. Afterwards, it is necessary to create the criteria of the problem and determine the
alternatives of the problem. The decision maker evaluates the alternatives based on the criteria and makes the
right decision according to the best result among the alternatives (Emovon and Oghenenyerovwho, 2020).

Figure 1. Flow Chart

2.1. Determination of Alternatives
In this study, three alternative processes were compared; pyrometallurgical process, hydrometallurgical
process and direct recycling.

2.1.1. Pyrometallurgical Process (A1)
The pyrometallurgical process is carried out at high temperature (~1500 °C) to melt and burn all carbon-based
compounds. The precious metals end up in an alloy rich in Co, Ni and Mn, which can be further processed by
hydrometallurgical treatment to recover the individual elements.
Pyrometallurgy, a widely used method for the commercial recovery of Co, is similar to the process of
smelting ore. Before melting, the LIBs in modular form are disassembled and then fed into a heating furnace.
For LIBs, successive preheating, pyrolysis and melting processes are applied.
This process is advantageous for the treatment of waste batteries without the need for crushing and other
pretreatment steps, but other components such as electrolyte, graphite, steel, aluminum and lithium cannot be
recovered and are obtained in the slag phase. It also has a disadvantage for processing low-cost LIBs such as
LiFePO4, LiMnO2 or LiTiO4 because these elements are obtained in the slag phase (Beaudet et al., 2020).
Slags can be processed by hydrometallurgical process to obtain pure metals or metal salts (Kurz et al., 2021).
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2.1.2. Hydrometallurgical Process (A2)
Aqueous chemistry is used in the hydrometallurgical process. This process is accomplished by leaching in
acids (or bases) followed by concentration and purification (Chen et al., 2019) and is performed to recover
LIBs after a pre-treatment (Zhou et al., 2020). Mechanical processes applied to batteries, such as shredding
and dismantling, are part of the hydrometallurgical process. After these processes applied to the batteries, an
acid solution is used to separate the elements. Even if the liquid solution can be used almost directly for the
production of Ni-Co sulfates, elements such as lithium or copper may be lost. Shredding and disassembly can
also cause material loss, and safety problems may arise depending on the amount of charge present in the
battery (Danino-Perraud, 2020). Usually after discharged and separated batteries are broken down, they
subjected to a low temperature calcination process. Then, various physical separation processes are carried
out to separate metal residues such as aluminum, copper, steel, and plastics. A leaching process followed by
solvent extraction and sometimes precipitation steps is used to recover compounds such as Co/Ni/Mn and
lithium carbonate for the production of new cathode material (Dai et al., 2019).

2.1.3. Direct Recycling (A3)
Direct recycling aims to recover the cathode material without any chemical change in the structure of the
recovered material and to produce new batteries by renewing them. It is a physical recovery method in which
processes such as separation by using gravity and magnetic separation are in question (Costa et al., 2021).
With the direct recycling method, in principle, the wastes produced during recycling are minimized and the
cathode materials are recovered as reusable cathode mixtures instead of individual metals (“Recycle Spent
Batteries”, 2019). Before regeneration in the direct recycling process, the cathode materials must be
physically separated. Discharged and fragmented LIBs are drilled first. The LIBs are then subjected to
supercritical CO2 extraction to recycle electrolyte solvents and salts if the electrolyte is to be recycled. The
remainder is then fragmented and a series of separation processes take place to separate the plastics, metals
and anode from the degraded cathode materials. The collected black mass is then directly regenerated to
produce regenerated cathode powders (Xu et al., 2021).

2.2. Determination of Criteria
As a result of the literature survey, 10 criteria have been defined in environmental, economic, technical, and
social dimensions. These criteria and their explanations are given in Table 1.
Table 1. Used Criteria
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2.3. Performance Values of Criteria
Considering the following explanations for the criteria, the decision matrix was created and then the
mentioned methods were applied.
(C1) Toxic reagent use: In this criterion, the scoring was determined as 2 for pyrometallurgy, 8 for
hydrometallurgy, and 4 for the direct recycling method. Although the hydrometallurgical process promises
high efficiency for recycling, strong, dangerous and environmentally harmful acids are used in this process.
In this method, preference of organic acids instead of dangerous inorganic acids is one of the important focus
points (Xu et al., 2021). In the direct recycling method, toxic solvents and acids are rarely used. In direct
recycling, most methods that focus on re-functionalizing the active material are based on high-temperature
treatments (Costa et al., 2021).
(C2) Toxic gas generation: Scoring made in this criterion was determined as 8 for pyrometallurgy, 4 for
hydrometallurgy, and 2 for direct recycling. CO2 is produced during the melting process in the
pyrometallurgical process, and harmful emissions, including carbon dioxide, carbon monoxide, sulfur
dioxide, volatile organic compounds and dust from scrap metals, may occur after the process (Boyden, 2014).
In the hydrometallurgical process, acid leaching provides high recovery efficiency. Strong inorganic leaching
can cause hazardous gas emissions due to the use of acid. The hydrometallurgical process results in lower
CO2 emissions compared to the pyrometallurgical process.
(C3) Wastewater generation: In this criterion, the scoring was determined as 3 for pyrometallurgy, 8 for
hydrometallurgy, and 2 for the direct recycling method. Wastes resulting from hydrometallurgical processes;
the leaching stage is water and chemicals from co-precipitation and washing. In order to reduce or eliminate
the generated wastewater and related costs, research on wastewater treatment, water reuse or reducing the
amount of water in the process is still ongoing (Chen et al., 2019). In the hydrometallurgical process,
difficulties in recovery of low pH leaching and leaching of metals such as Al, Cu and Fe, formation of
harmful by-products such as Cl2, SOx and NOx and the resulting wastewater treatment are considered as
important problems (Bai et al., 2020). In the last stage of this process, wastewater is formed in the solvent
extraction method used for separation (Xu et al., 2021).
(C4) Greenhouse gas emissions: Greenhouse gases originate from the smelting process in the
pyrometallurgy process. In the hydrometallurgical process, the upstream production of chemicals contributes
significantly to total greenhouse gas emissions. Based on 1 kg of end-of-life LIB, 2.21 kg of greenhouse gas
is emitted for the pyrometallurgy process and 2.27 kg for the hydrometallurgy process. For the direct
recycling method, this value is only 0.5 kg, and since this value is significantly lower than other methods, the
direct recycling method has the potential to reduce emissions and be economically competitive (Xu et al.,
2021). According to a study, the direct recycling method has the potential to reduce greenhouse gas emissions
from cathode material recovery by 81-98% and SOx emissions by 72%-100% (Costa et al., 2021).
(C5) Energy consumption: For end-of-life LIBs (NMC), the energy consumption per kg for the direct
recycling method is about 4.2 MJ, which is only 25% and 13.8% of the pyrometallurgical and
hydrometallurgical processes, respectively. Lighter processing conditions are a big factor in the direct
recycling method (Xu et al., 2021). According to a study, energy consumption per kg of LiCoO2 is 108 MJ
for pyrometallurgy, 89 MJ for hydrometallurgy and 91 MJ for direct recycling. The energy consumption for
LiCoO2 production per kg without any recycling process is approximately 151 MJ (Gaines, 2018). The
average values were calculated as 108 MJ and 16.8 MJ for the pyrometallurgy process, 30.4 MJ and 89 MJ
for the hydrometallurgy process, and 4.2 MJ and 91 MJ for the direct recycling method. The energy
consumption values for pyrometallurgy, hydrometallurgy and direct recycling were determined as 62.4 MJ,
59.7 MJ, 47.6 MJ, respectively.
(C6) Recycling cost: Recycling costs are set at $2.9, $2.2 and $1.6 per kg for pyrometallurgy,
hydrometallurgy and direct recycling, respectively. The difference in recycling costs between the three
methods is small because the costs include not only energy and material input, but also operating labor,
maintenance and repair, and laboratory costs (Xu et al., 2021). The final step of the hydrometallurgical
process involves the separation and purification of the separated and filtered metallic components of the
LIBs. Common processes such as solvent extraction, chemical precipitation and electrochemical deposition
are used for separation. The solvent extraction process is widely used because of its ion selectivity advantages
and the high extraction efficiency (>95%) offered by the many available extractants. The disadvantage of this
process is the high upfront cost of extractors and the waste treatment cost, given the large volume processes
(Bai et al., 2020).
(C7) Overall cost: Overall costs are $0.5, $0.3 and $0.4 for pyrometallurgy, hydrometallurgy and direct
recycling, respectively. Overall costs include administrative costs, distribution and selling costs, and R&D
costs, and there is no significant difference between these three recycling methods. Although the costs of the
three recycling methods are close to each other, the direct recycling method generates the highest profit
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compared to the hydrometallurgical and pyrometallurgical process because new LIBs can be produced
directly with this method (Xu et al., 2021).
(C8) Recovery rate: Scoring was made based on the rate of material that pyrometallurgy, hydrometallurgy
and direct recycling methods could recover, and this scoring was determined as 3 for pyrometallurgy, 5 for
hydrometallurgy, and 8 for direct recycling (Dai et al., 2019). Dai et al., 2019 showed material recovery
efficiency for different recycling methods in their study. Looking at the values given in their study for plastics
and electrolyte solvents, a material recovery efficiency of 50% is assumed as there may be less incentives for
recycling compared to higher values of cobalt and nickel or metals with generally more stable demands.
Besides, due to the lack of data on the direct recycling method, it is assumed that this method has the same
material recovery efficiency (excluding the cathode materials) as the other two recycling methods. The
recovery efficiency for cathode materials is assumed to be 90%, given the difficulties associated with
separating the cathode material from the rest of the battery components.
(C9) Safety: In this criterion, the scoring was determined as 4 for pyrometallurgy, 2 for hydrometallurgy,
and 7 for the direct recycling method. In the pyrometallurgical process, there is little safety risk in this
process, as the cells and modules are all exposed to extreme temperatures with a reductant for metal
reclamation (Harper et al., 2019). In the pyrometallurgical process, there are different heating stages of the
furnace during combustion. Thanks to the slow heating of waste batteries, the risk of explosion is reduced. In
the hydrometallurgical process, there may be material loss due to shredding and dismantling, and safety
problems may arise depending on the amount of charge present in the battery. Explosions may occur if
batteries are not discharged before they rupture (Danino-Perraud, 2020).
(C10) Resources conservation: In this criterion, the rate of recycled material and the amount of energy
consumed were taken as a basis and scoring was made accordingly. This scoring was determined as 3 for
pyrometallurgy, 5 for hydrometallurgy, and 8 for direct recycling.
In the application of the TOPSIS methods, the decision matrix was first created (Table 2).
Table 2. Decision matrix

2.4. Weighting of Criteria (Entropy)
The Entropy Weight Method (EWM), also known as Shannon's Entropy method, is one of the objective
weighting methods that is based on completely unbiased data and can overcome the shortcomings of
subjective weighting methods. EWM, which is versatile and efficient, eliminates human-induced problems
and gives results that are more in line with the facts (Bayram, 2020). One of the reasons why this method is
suitable for use in MCDM problems is that it allows calculating the importance weights of the criteria without
resorting to personal judgments and considerations (Zhu et al., 2020). Since the entropy weight indicates the
degree of useful information, it can be concluded that the criterion with the larger entropy weight is more
important in terms of decision making/evaluation (Perçin and Sönmez, 2018).

2.5. Analytical Network Process (ANP)
ANP is one of the widely used multi-criteria decision-making methods to solve various real-world problems
due to its ability to consider the interrelated and complex relationships between decision elements and its
ability to simultaneously apply qualitative and quantitative attributes. ANP is the generalized form of
(analytic hierarchy process) AHP. In ANP, besides the hierarchical structure, the relationship between the
criteria is also taken into consideration. ANP provides a network of relationships between criteria that leads to
more reliable results. Calculates complex relationships between decision elements by replacing a hierarchical
structure with a network structure (Kheybari, 2020).
A decision problem analyzed with ANP is usually examined through a hierarchy or network of controls for
benefits, costs, opportunities and risks. ANP uses the same basic comparison scale (1-9) as AHP. This
comparison scale enables the decision maker to intuitively combine experience and knowledge and show how
many times an item dominates another item according to the criteria (Öztürk et al., 2018).
In Figure 2, Benefit-Cost-Risk (BCR) model for ANP are shown.
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Figure 2. Benefit-cost-risk cluster criteria

2.6. TOPSIS
TOPSIS, which was first developed by Hwang and Yoon, was developed based on the idea that the chosen
alternative should have the shortest distance from the positive ideal solution and the farthest distance from the
negative ideal solution to solve the multi-criteria decision-making problem. However, the best alternative
should not only have the shortest distance to the positive ideal solution, but also the longest distance to the
negative ideal solution. In short, the positive ideal solution consists of all the best achievable values of the
criteria, while the negative ideal solution consists of all the worst achievable values of the criteria (Yavuz,
2012).
Microsoft Office Excel program was used to evaluate with TOPSIS method. The entropy values (wj) of the
criteria weighted by the Entropy Method were used in the implementation of TOPSIS. The steps applied in
Excel for TOPSIS are as follows: Creating the decision matrix, generating the normalized decision matrix,
weighting of the normalized decision matrix, determination of positive ideal and negative ideal solutions,
calculation of positive ideal and negative ideal separation measures, calculation of relative closeness to the
ideal solution, and ranking of alternatives and final result.

3. RESULTS AND DISCUSSION
The sum of the weights of the criteria determined for all three alternatives was taken and the calculation was
made by dividing each criterion by this weight sum, and thus a normalized decision matrix was obtained.
Then, the entropy values of the criteria were found and the degree of differentiation of the information (dj)
was calculated. Finally, the entropy criterion weights (wj) were calculated (Table 3).
Table 3. wj values

wj

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

0.1539

0.1539

0.1868

0.1606

0.0072

0.0307

0.0227

0.0804

0.1234

0.0804

According to the weighting processes made by using the Entropy Method, it has been seen that the most
important evaluation criterion is wastewater generation. greenhouse gas emissions, toxic reagent use and
toxic gas generation, safety, resource conservation and recovery rate, recycling cost, overall cost and energy
consumption followed the wastewater generation criteria, respectively.
The criteria weights obtained by using the Entropy Weight Method were transferred to the BCR model by
normalizing. Synthesis command in the main menu is used in ANP, and general results are obtained by
performing synthesis in the highest-level network. In this way, the results from the subnets are combined
according to the formula (Benefit/(Cost*Risk)) for each alternative. The results obtained are shown in Figure
3.

89

The Selection of Recycling Methods for Waste Lithium-Ion Batteries (LIBs) Used in Electric Vehicles by
Multi-Criteria Decision Making
Mahmut Öztürk, Esra Evin, Aysun Özkan, Müfide Banar

Figure 3. Conclusion for the alternatives

Table 4. shows the positive ideal and negative ideal separation measures, the relative closeness to the ideal
solution, and the ranking results for TOPSIS.
Table 4. TOPSIS results
A1
A2
A3

Si+
0.1483
0.2039
0.0503

Si0.1511
0.0790
0.2147

Ci+
0.5047
0.2792
0.8101

Ranking
2
3
1

4. CONCLUSIONS
Most of the research studies on end-of-life lithium-ion batteries focus on recycling methods that reduce
environmental pollution and try to prevent natural resource consumption, thus contributing to environmental
sustainability and at the same time economically advantageous. In this study, three different recycling
methods were compared via MCDM. As the MCDM method, firstly the criteria were weighted with the
entropy method, and then alternatives were evaluated with two different methods, ANP and TOPSIS.
According to the weighting processes made by using the Entropy Method, it has been seen that the most
important evaluation criteria are wastewater generation and greenhouse gas emissions, respectively. These
criteria are followed by the use of toxic reagents with the same weight and the formation of toxic gas. In the
ANP, when the overall results for the Benefit-Cost-Risk clusters are examined, it is seen that the most useful
alternative for the benefit cluster is the Direct Recycling Method. Considering the cost cluster, it was seen
that the costliest alternative was Pyrometallurgical Process. In the results of the risk cluster,
Hydrometallurgical Process was determined as the riskiest alternative. According to the ANP overall results,
it was seen that the best alternative was Direct Recycling. Direct Recycling Method is followed by
Pyrometallurgical Process and Hydrometallurgical Process, respectively. In TOPSIS, positive ideal and
negative ideal separation measures, relative closeness to the ideal solution and ranking results were obtained.
In order of priority, the Direct Recycling alternative is in the first place followed by Pyrometallurgical
Process and Hydrometallurgical Process, respectively. This is because the Direct Recycling alternative has
more advantages in environmental management for end-of-life LIB than other alternatives.
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Abstract
Removal of liquid crystal and indium from LCD panel wastes using subcritical water (sub-CW) was
investigated. Studies has been carried out extensively using hydrometallurgical and acid leaching
methods to recover indium and tin oxide, but none was considered to recover every valuable material on
the LCD panel. In this work, we examined the possibilities of using sub-CW to simultaneously remove
valuable (1) liquid crystals, (2) indium and (3) obtain high quality clear from waste LCD panel. Liquid
crystals and indium were partially removed at above 300°C and required more than 30-min of reaction
time. The removal of liquid crystal from the LCD panel was due to the dielectric properties of sub-CW.
An excellent correlation between liquid crystal removal efficiency with water dielectric constant value
was proven. Consequently, the removal of liquid crystal and indium from LCD panel waste using
subcritical water, although with constraints, further study may bring significant improvement towards
total removal and recovery of valuable materials from LCD wastes.
Keywords: Waste LCD Panel, subcritical water technology, liquid crystal, indium

1. INTRODUCTION
LCD panel from electronic devices will be one of the primary sources of solid waste soon. LCD panel
consists of layers of liquid crystal (LC), TFT (thin film transistor) glass, and CF (color filter) glass. The focal
component in the layers is indium that is used for transparent electrodes on TFT glass and CF glass, liquid
crystal materials and large amounts of glass substrates. The transparent electrode used in the LCD is used in
the form of indium tin oxide (ITO), and mainly used for making transparent conductive layers such as flat
displays and LED. Indium production has been increasing [1].
The landfilling of waste LCD panels has been recently prohibited [2] due to possible effect of was to the
human health [3]. In the UK, 33 tons of waste LCD panels were generated in 2010 per day, and 9 tons of
valuable liquid crystal was discarded annually [3,4]. Since indium is extremely expensive, research on the
recovery of indium from waste LCDs have been actively conducted. Extraction methods using acid
dissolution [5,6], chlorination [7] and solvent extraction [8] methods have been studied. However, indium and
liquid crystal recoveries involve two processes and is more complicated. A simpler process where indium,
1
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min. After completed, the tube was taken out and immediately put into a water bath at room temperature. The
pressure inside the reactor was the saturated vapor pressure of water at the subsequent reaction temperature.
The reaction time was defined as the time from immersing the reactor into the salt bath until its immediate
cooling. The treated LCD panel was then transferred from the tube to a beaker, and their physical changes
were recorded.
The treated LCD was separated into three potions. The three fractions are (i) LC recovered in the filter, (ii)
LC remained in the glass residue and (iii) LC in a liquid aqueous phase. The solid residues (substrate glass)
were separated from the aqueous phase by means of filtration through a membrane filter made of a mixed
cellulose ester with a pore size of 1.0 μm. The filters were dried at room temperature and weighed. For the
quantification of the amount of LC in each fraction, toluene was used to extract the LC. The LC was
quantified using GC.

3. RESULTS AND DISCUSSION
3.1. Removal of Liquid Crystal from LCD panel
The LCD precipitant was immediately separated after the treatment. Figure 3 shows the supernatant before
and after the sub-CW treatment for 5 min. The color of the solution did not change from the color before the
reaction from 100°C to 200°C, but a pink color appeared from 220°C. This is originally a color filter (CF)
component that is easy to remove. The pink color became darker around 280°C. As the temperature
increased, the pink faded, and the brown color became the darkest around 340°C. At higher temperatures, the
brown color also faded. This is because the organic films on the CF and thin film transistor (TFT) glass
surfaces were hydrolyzed by the subcritical water reaction and turned into water-soluble substances.
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Figure 3. Supernatant before and after subcritical water reaction of LCD panel (reaction: 5 min, T = 110-380ºC)

3.2. Filtered material
The supernatant was filtered through a membrane filter with a pore size of 1.0 μm, while stirring the solution
after the subcritical water treatment. Figure 4 shows of the filtered material on the membrane filter. When the
reaction temperature ranged from 100°C to 210°C, the filters were almost pure white color, which was the
same color as before the reaction (BR). However, at temperatures above 220°C, a pink color appears,
suggesting that it is a substance made up of CF components. The higher the reaction temperature, the darker
the pink color. The water-insoluble substance that has been filtered out was organic films partially exfoliated
off from the surface of the LCD panel due to reaction by sub-CW water.
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Figure 4. LCD panel after subcritical water treatment (reaction time: 5 minutes) filtered to remove the supernatant through
a membrane filter with a pore size of 1.0 μm.

3.3. Quantification of the Liquid Crystals in each fraction
Figure 5 shows the abundance of liquid crystal in the aqueous phase, on the membrane filter, and on the glass
after the subcritical water reaction. 4–8 mg/g-LCD of liquid crystal was detected in the aqueous phase. At
240°C, the amount of liquid crystal was the highest (7 mg/g-LCD). The amount of liquid crystal remaining on
the glass was highest below 180°C and decreased as the temperature increased. It becomes almost zero above
300°C and does not change even at 400°C at supercritical state. The amount of liquid crystal trapped on the
membrane filter increased from zero to 2 mg/g-LCD from 100 to 200°C, and then showed a stable amount
below 4 mg/g-LCD up to 400°C.
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Figure 5 Comparison of amount of liquid crystal on glass, liquid and filter fractions after sub-CW treatment of LCD panel
(reaction time: 5 minutes)

3.4. Effect of sub-CW temperature on Liquid Crystal extraction efficiency
Figure 6 shows the removal rate of liquid crystal from LCD panel in sub-CW treatment. The removal rate
increased to 20-40% (200°C) and to 60-80% (200-300°C). Above 300°C, the amount of liquid crystal
decreased, and the mass balance became unstable, making it difficult to determine the recovery rate. This
phenomenon suggests that the thermal decomposition increased at a high temperature of more than 300°C. As
shown in Figure 6, the amount of liquid crystal was highest in the filter and water phase around 240°C. As the
treatment temperature rises, the liquid crystal recovery rate increases, but the LC recovery rate on the filter is
low.
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Figure 7(A) shows the relationship between the amount of liquid crystal and the dielectric constant of
subcritical water. At 100-300°C, the amount of liquid crystal remaining on the glass decreased with
temperature. There is a good correlation between the liquid crystal remained on the LCD with sub-CW
temperature (R2 = 0.73). Furthermore, it is interesting to note the identical phenomenon to the decreasing

Treated Temp [C]

dielectric constant of water with temperature, thus suggesting the removal of liquid crystal was due to
extraction by sub-CW. In Figure 7(B), the relationship between the total amount of liquid crystal contained in
the filter/water fractions and dielectric constant is plotted. A good correlation (R2 = 0.83) was observed. It
showed the highest amount of liquid crystal recovered when the dielectric constant ε = 25 to 35. This ε value
is just the dielectric constant corresponding to methanol and ethanol at room temperature.

100

LC in Filter+Liquid [%]

80

!" #

60
40
20

R2 = 0.8284

60

50

40

30

20

10

0

0
Dielectric Cons tant [-]

Figure 6. Removal efficiency of liquid crystal in LCD panel after subjected to subcritical water treatment (reaction: 5 min)
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Figure 7. Relationship between the (A) amount of liquid crystal remaining on the glass fraction and water dielectric
constant as a function of water temperature, and (B) the amount of liquid crystal remaining on the water phase/filter
fraction as a function of water dielectric constant.
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3.5. Effect of sub-CW temperature on Indium Removal
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Figure 8. Removal of indium from an LCD panel by sub-CW treatment (reaction: 5 min) by the percentage of indium
content in glass, filter and aqueous fractions

Figure 8 shows the abundance of indium in the aqueous fractions, on the membrane filter, and on the LCD
glass after sub-CW reaction. Before the reaction, all indium was present in the fresh LCD panel and its
amount was 330 mg/kg-LCD. No indium was detected in the aqueous fraction after the reaction at all
temperatures. The amount of indium remaining on the LCD glass remained constant until 230°C. However,
indium on LCD gradually decreased from 330 mg/kg-LCD (at 240°C) to about 140 mg/kg-LCD (at 360°C). It
shows the lowest indium content at 360°C, which is about 50% of the original fresh LCD panel.
When the temperature was further raised, it remained almost unchanged, and reached about 150 mg/kg-LCD
at 400°C, which is water in supercritical state. Yoshida et al. investigated the removal of indium from CF and
TFT glasses fraction in LCD panel using sub-CW water. The removal of indium from CF glass occurred at
around 200°C and totally removed at 330°C. However, the indium in TFT glass was not removed even when
subjected to water at supercritical state. Thus, the 50% removal of indium can be explained by the indium
was only removed from CF glass and not from the TFT glass.
Indium trapped on the membrane filter fraction showed an opposite trend to the amount of indium retained on
the LCD glass fraction. No indium was observed up to 230°C. Indium content was 160 mg/kg-LCD (at
360°C) and changed slightly to almost 130 mg/kg (at 400°C). From the state on the filter after sub-CW
treatment shown in Fig. 4, pink CF components appeared from 220°C, thus, the CF component could have
been removed together with the indium.

3.6. Effect of treatment time on LC and indium removal
The removal rate of liquid crystal (20%) and indium (50%) was small although the sub-CW treatment
temperature was high (above 300°C) for 5 minutes. Considering the actual industrial application, it is
desirable to lower the subCW treatment temperature as much as possible. Thus, in addition to the 5 min
reaction time, other reaction time were also examined. Sub-CW treatments were conducted at 160°C, 230°C
and 300°C and the temporal reaction time was varied between 0.5, 1, 2, 5, 10 and 30 minutes.
The change of color in supernatant is known shown. At 160°C, there was no change in color and transparency
before reaction at all times. In the case of 230°C, a light pink color appeared at 2 minutes or more, and the
pink color became darker with a longer time. Similarly, at 300°C, the pink color appeared from 0.5 minutes,
became darker by 10 minutes, and turned brown after 30 minutes. This pink color is considered to be one of
the color filter components of the liquid crystal panel. From the color change of the solution, it can be seen
that the longer the reaction time, the more the reaction progresses.
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Figure 9. Sub-CW treatment of LCD panel at various reaction time and constant temperatures of (A) 160, (B) 230 (C)
300°C

Figure 9 shows the liquid crystal abundance in each phase due to the sub-CW reaction when reaction was
carried out at various time length. Almost 90% of liquid crystal (15 mg/g-LCD) remained in the LCD glass at
160°C for 0.5 and 1 min. However, when the treatment time was increased to 10 minutes, liquid crystal in
LCD decreased from 15 mg/g-LCD to 7 mg/g-LCD, and did not change when carried out above 10 minutes.
A similar phenomenon occurred at 230°C and 300°C.
Figure 9 illustrated the change of the liquid crystal in all fractions after the sub-CW reaction. At 160° C (Fig.
9A), the total amount of liquid crystal in each fraction was almost the same as the amount of liquid crystal in
the original LCD panel. The removal amount of liquid crystal on the filter increases when the reaction time is
longer than 5 minutes. At 230°C (Fig. 9B) and 300°C (Fig. 9C), the total amount of recovered liquid crystal
was less than the original amount of liquid crystal as indicated by the dashed line. This loss of liquid crystal is
due to deterioration of the liquid crystal by thermal decomposition caused by high-temperature and long-term
reaction. At 160°C above, the liquid crystal is well balanced and there is almost no loss, but the amount of
liquid crystal that can be recovered by the filter is smaller and requires longer reaction time.

(A)

90
80

LC Recov ery Efficiency for liquid
and filter [%]

LC Res idue in Panel relative to
Fres h [%]

Figure 10 shows the various reaction time course of liquid crystal removal during sub-CW treatment at 160,
230 and 300ºC. The time for liquid crystal to become equilibrium in each fraction was 10 min (160°C), 8 min
(230°C), and 5 min (300°C), respectively. This means that the reaction has become constant in the subcritical
water reaction. Figure 10B illustrated that, at 230°C, the sum of the liquid crystal recovery on the liquid
crystal filter and in the water fraction showed the highest numerical value, showing a relatively large recovery
rate. Consequently, when sub-CW treatment was performed in the actual process plant, it is considered
desirable to treat at around 230°C.
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Figure 10. Change over time in LC recovery rate in subcritical water treatment of liquid crystal panel water only. (A)
Amount of liquid crystal remaining on glass, (B) total amount of liquid crystal removed to filter and water phase

3.7. Effect of treatment time on the Indium removal
Figure 11 shows the abundance ratio of indium in LCD glass fraction and filter after the sub-CW reaction at
various reaction temperature. The indium concentration in the aqueous fraction was almost zero, so it was not
plotted. The amount of indium remaining on the LCD glass remained almost unchanged (around 300 mg/kg-
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Indium Mass Amount [mg/kg-GL]

LCD) at 160°C for up to 30 minutes. Indium decreased slightly when reaction was carried out until 30 min at
230°C. However, when reaction was carried out at 300°C, indium decreased rapidly when reaction was
performed for 1 minute and indium decreased to about 50% when reaction carried out for 30 minutes.
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Figure 11 Changes over time in the amount of indium present in each phase by subcritical water treatment of liquid crystal
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Figure 12. Indium recovered on the filter by sub-CW treatment of LCD panel at various reaction time

Figure 12 shows the amount of indium collected on the filter over various reaction time. The indium filtered
by the membrane filter was zero at 160°C. At 230°C, a small amount of indium was recovered after 30minutes reaction. The recovered indium amount was 20 mg/kg-LCD, and the recovery rate was only 5%.
Furthermore, at 300°C, the amount of indium present in the filter after 30 minutes of treatment was 150
mg/kg-LCD, and the recovery rate was 45%. From the above results, at temperatures of 160, 230, and 300°C,
it is difficult to decompose the organic matter (JAS film, PI film) on the liquid crystal panel by the subcritical
water reaction of only water for a long time. It turned out to be difficult to recover the indium that was lost
and to reuse the glass. In order to make these possible, it is thought that a high temperature treatment of
380°C or higher or a substance such as a catalyst that promotes decomposition is necessary.

4. CONCLUSIONS
This study has shown that although the reaction is complicated at elevated temperature, some removal of
liquid crystal and indium is possible using subcritical water because of the properties of sub-CW. The thermal
decomposition liquid crystal was significant at a high temperature of more than 300°C, making it difficult to
remove liquid crystal and to determine the liquid crystal recovery efficiency. The removal of liquid crystal
from the LCD panel surface showed a good correlation with the dielectric constant of water, confirming the
removal was due to the extraction capability of sub-CW at elevated temperature. As a conclusion, when
considering recovering liquid crystals industrially, it is necessary to increase the amount of liquid crystals on
the filter as much as possible.
On the other hand, indium on LCD panel gradually decreased from 330 mg/kg-LCD (at 240°C) to about 140
mg/kg-LCD (at 360°C). It shows the lowest indium content at 360°C, which is about 50% of the original
fresh LCD panel. Consequently, when sub-CW treatment was performed in the actual process plant, it is
considered desirable to treat at around 230°C. When reaction was carried out at 300°C, indium content on the
LCD panel decreased rapidly. As for the reaction time, when reaction was performed for 30-minute, indium
decreased to about 50% when reaction carried out at 300°C. As a conclusion, the present study have shown
that the to remove liquid crystal and indium, a temperature of more than 300°C and reaction time longer than
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30 min are the optimum condition. It is considered economically difficult to industrially recover liquid
crystals and indium by subcritical water. Further studies to reduce reaction time and temperature is required
to totally remove and possibly recover the liquid crystal and indium component from waste LCD panel.
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Abstract
In this study, upcycling and recycling approaches can be applied to waste printed circuit boards were
compared through sequential application of Streamlined Life Cycle Assessment (S-LCA) and Multi-Criteria
Decision-Making (MCDM) techniques. At the S-LCA stage, CML-IA baseline and ReCiPe 2016 methods
were used for the characterization. Remarkable characterization results of S-LCA were used as the
environmental criteria of MCDM. For the MCDM study, environmental, technical and economic criteria
were determined. The Entropy method was used for the weighting of the criteria. TOPSIS method was used
to compare the alternatives on the basis of weighted criteria. LCA study shows that impact categories of
Abiotic Depletion Potential (element basis), Total Ecotoxicity Potential and Human Toxicity Potential are
the major impact categories. MCDM study shows that the bronze recovery (0.9757) and Portland cement
substitution (0.7743) are the most appropriate upcycling and recycling methods, respectively.
Keywords: Life Cycle Assessment, Multi-Criteria Decision Methods, Printed Circuit Board, Recycling,
Upcycling.

1. INTRODUCTION
The amount of waste printed circuit board (PCB) have been arising with the increase in the production of
electrical and electronic goods. Electrical and electronic wastes contain more than a thousand harmful
substances, including heavy metals such as Pb, As, Cd, Se, Cr+6, Co, Ba, Hg, which are mostly toxic, and
flame inhibitors that release dioxins when subjected to heat treatment. When electrical and electronic wastes
are not disposed of properly, these substances cause serious harm to human and environmental health. For that
reason, waste PCBs need to be managed correctly.
Waste PCBs should be managed based on circular economy principles because of their valuable metallic/nonmetallic content. At that point, upcycling and recycling come to the fore.
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Upcycling is defined as the process of regaining goods that have completed their life and are no longer in use,
different from their original purpose. Upcycling is a sustainability concept that enables new and
environmentally friendly products to be obtained from disposable products. The concept of upcycling in
electrical and electronic waste is gaining importance day by day. While the current recycling concept continues
to lose value or produces equivalent recycled materials, upcycling is a concept that increases the value through
upcycling of wastes that make use of cradle-to-door resources. In other words, upcycling is also defined as the
conversion of waste materials into a useful and more valuable product [1]. The main idea in the recycling of
waste PCBs is to ensure that non-metallic parts such as epoxy, glass fiber, plastic, reinforcement materials in
the waste can be reused as raw materials. In order to do this, the metal parts of the waste PCBs must be
separated. These processes are carried out by various methods in the relevant centers.
There are various upcycling and recycling methods to be applied to these wastes. On the other hand, it is
difficult to determine in advance which of these methods would be more environmentally, technically, and
economically viable. At that point, sequential application of Life Cycle Assessment and Multi-Criteria
Decision-Making (MCDM) techniques is very helpful to manage this problem. LCA is a useful tool to
determine the environmental impacts resulted from products and services. An LCA allows for an evaluation of
how impacts are distributed across processes and life cycle stages [2]. MCDM is a sub-branch of Decision
Sciences and is based on the process of modeling and analyzing the decision process according to its criteria.
MCDM techniques have been used in areas of energy-environment-sustainability, supply chain and quality
management, materials, project management, security and risk management, manufacturing systems,
production management, operational research and soft computing, technology management, strategic
management, tourism management, knowledge management, and other areas. Among these, the application
field of energy-environment-sustainability had a maximum share with 13% [3].
In this study, the upcycling and recycling methodologies that can be applied to waste PCBs were determined
and compared each other to define the most appropriate one from the point of environmental, technical and
economic aspects.

2. METHODOLOGY
For the purpose of the study, firstly five different upcycling and recycling methods were determined. A
Streamlined LCA (S-LCA) and MCDM studies were sequentially realized to evaluate these methods.

2.1. S-LCA
A S-LCA was applied to less the data requirement for complex products that can be produced by upcycling and
recycling methods. The S-LCA methodology used in this study follows the International Organization for
Standardization (ISO) 14040 (2006) [4] and ISO 14044 (2006) [5] guidelines, which comprise four stages; Goal
and Scope, Life Cycle Inventory (LCI) Analysis, Life Cycle Impact Assessment (LCIA), and Interpretation.

2.1.2. Goal and Scope Definition
The purpose of this S-LCA study is to compare the upcycling and recycling methods applied/can be applied to
waste PCBs from an environmental point of view. Functional unit was applied as a 1ton of PCB. The system
boundaries cover the substitution of the new product to be obtained by the upcycling and recycling method,
which will be applied to the waste PCB, with the existing product. The system boundaries are considered as
cradle-to-gate, starting from the raw material acquisition for the existing product that the new product will
substitute, and covering the production process of the product. The upcycling and recycling methods chosen
for the management of waste PCBs are shown in Table 1 and 2, respectively.
Table 1. Upcycling methods to be applied to waste PCB
Code
U1
U2
U3
U4
U5
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Material
Metallic parts of waste
PCB
Metallic parts of waste
PCB
Metallic parts of waste
PCB
Non-metallic parts of
waste PCB
Metallic parts of waste
PCB

Product to be Obtained
by Upcycling Method

Product to
substitute

Reference

Gold

Gold mine

[6]

Copper-tin alloy

Bronze mine

[7]

Lead

Lead mine

[8]

Activated carbon

Activated
carbon

[9]

Copper

Copper mine

[10]
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Table 2. Recycling methods to be applied to waste PCB
Code
R1
R2
R3
R4
R5

Product to be Obtained by
Recycling Method

Material
Non-metallic parts of waste
PCB
Non-metallic parts of waste
PCB
Non-metallic parts of waste
PCB
Non-metallic parts of waste
PCB
Non-metallic parts of waste
PCB

Product to
substitute

Reference

Portland cement

[11]

Aggregate

[12]

Sawdust

[13]

Soundproofing material

Fiberglass

[14]

Asphalt modifier product

Styrene butadiene
rubber

[15]

Filling material to be used for
self-compacting concrete
Filler to be used in the cement
and construction industries
Performance enhancing agent
for wood plastic composite

2.2. Life Cycle Inventory
Ecoinvent data embodied in SimaPro 9.2 was used for the background data. The data sets corresponding to the
products to substitute through upcycling and recycling methods were selected (Table 3 and Table 4).
Table 3.Ecoinvent data for upcycling methods
Product to
substitute
Gold mine
Bronze mine
Lead mine
Activated carbon
Copper mine

Corresponding Ecoinvent data

Reference

gold production
bronze production
primary lead production from concentrate
activated carbon production, granular from hard
coal
copper production, cathode, solvent extraction
and electrowinning process

[16]
[17]
[18]
[19]
[20]

Table 4.Ecoinvent data for recycling methods
Product to substitute
Portland cement
Aggregate
Sawdust
Fiberglass
Styrene butadiene rubber

Corresponding Ecoinvent data
cement production, Portland
sand quarry operation,open pit mine
suction, sawdust
glass fibre production
synthetic rubber production

Reference
[21]
[22]
[23]
[24]
[25]

2.3. Life Cycle Impact Assessment
CML-IA baseline (v3.06) and ReCiPe 2016 Midpoint (V1.04) characterization methods and EU25+3,2000 and
World (2010) (which are included in these methods, respectively) normalization methods were used. The
characterization and normalization tables of upcycling and recycling methods can be available from the Elmas,
2022 [26]. At the first level all impact categories represented by the characterization methods were calculated
then by examining the characterization and normalization values together, the impact indicators to be selected
for the MCDM method were determined (Table 5). In the selection of impact indicators, first of all, the impact
indicators with a participation rate of more than 5% on the basis of their normalization values were selected
(Table 5, Level I), those with the highest normalization values among these effect indicators (Table 5, Level
II) and MCDM' Ecotoxicity and toxicity indicators were combined to be used in the study (Table 5, Level III).
As a summary, in the MCDM method, the values obtained from the CML-IA 2000 method for the depletion of
element-based abiotic resources and the ReCiPe method for the total ecotoxicity and toxicity values were used.
Table 5. Impact category determination table for MCDM

Upcycling

Level I
Major impact categories (the highest normalization
value)
CML
ReCiPe
Abiotic depletion
Terrestrial ecotoxicity
potential (element)
Freshwater ecotoxicity
(ADPe) (96%)
Marine Ecotoxicity
Human toxicity potential
Human toxicity
Marine aquatic
(carcinogenic)
ecotoxicity potential

Level II

ADPe
Terrestrial ecotoxicity
Freshwater
ecotoxicity

Level III

ADPe
Total Ecotoxicity
2
Human toxicity
1
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Human toxicity (noncarcinogenic)

Recycling

ADPe
Abiotic depletion
potential (fossil fuel)
Global Warming
Potential 100
Marine aquatic
ecotoxicity potential
Acidification potential

Human toxicity
(carcinogenic)
Water consumption

Marine Ecotoxicity
Human toxicity
(carcinogenic)
Human toxicity (noncarcinogenic)

Human toxicity (noncarcinogenic)

1

The sum of Terrestrial ecotoxicity, Freshwater ecotoxicity and Marine Ecotoxicity
The sum of Human toxicity (carcinogenic) Human toxicity (non-carcinogenic)

2

2.4. MCDM Study
The flow chart followed for the MCDM study given in Figure 1. According to this flow chart, firstly criteria,
and sub-criteria were determined (Table 6). Then, decision matrices that shows the performance values for
these values were created. (Tables 7 and 8).

Criteria Determination

Determination of the Decision
Matrix

Weighting of the Criteria

Entrophy methodology

Ranking of the Alternatives

TOPSIS methodology

Figure 1. Flowchart of the MCDM Study
Table 6. The criteria for MCDM study
Criteria
number
c1
c2
c3
c4
c5
c6
c7
c8
c9
Criteria
number
c1
c2
c3
c4b
c5c
c6d
c7
c8e
c9
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Criteria
category
Environmental
Technical
Economical

Sub-criteria
ADPe
Total Ecotoxicity
Human toxicity
Ease of operation
Operation time
Quality of material
Cost of energy
Operational cost
The value of product

Table 7. The decision matrix for upcycling methods
Unit/Score
Upcycling methods a
U1
U2
U3
U4
kg Sb ed.
5.81E+01
2.05E-03
6.81E-03
9.97E-07
kg 1,4-DCB
1.05E+05
1.16E+03 3.50E+01 3.82E+00
kg 1,4-DCB
1.11E+05
4.75E+01 4.80E+01 1.15E+00
score
3
6
7
2
score
7
3
4
7
score
6
3
8
8
$/ton
0.35
0.58
0.39
1.29
score
7
3
4
5
$/ton
58,500
50,000
2,400
1,600

U5
2.02E-03
5.37E+03
2.33E+02
4
4
7
0.59
6
11200
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a

U1: Gold U2: Copper-tin alloy U3: Lead U4: Activated carbon U5: Copper
U1: Chemical + leaching=3, U2: Physical process +Thermal process =6, U3: Physical process
=7, U4: Physical process + pyrolysis =2, U5: Chemical=4; ascending order is preferred.
c
Score value is defined to average operation times U1: 13h, U2: 1.5h, U3: 4h, U4: 12h, U5:
4.5h; descending order is preferred.
d
U1: Higher than %95 gold dissolution. U2: Higher than %8 bronze dissolution. U3: Higher
than %98 lead recovery. U4: Activated carbon recovery that has %98 adsorption capacity. U5:
%98 copper recovery; ascending order is preferred.
e
U1: Chemical consumption. U2: No chemical consumption. U3: Nitrogen consumption. U4:
CO2 consumption. U5: Mineral acid consumption; descending order is preferred.
b

Table 8. The decision matrix for recycling methods
Criteria Unit/Score
Recycling methods a
R1
R2
R3
R4
R5
number
c1
kg Sb ed.
1.19E-08
4.54E-10
7.28E-08
1.87E-06
6.88E-05
c2
kg 1,4-DCB
1.21E+00
1.35E-02
6.32E+01
3.71E+01
2.29E+01
c3
kg 1,4-DCB
1.00E+00
1.13E-02
4.87E+01
1.27E+02
1.91E+01
c4b
score
7
7
6
6
5
c5c
score
9
8
7
3
8
c6d
score
5
6
6
7
5
c7
$/ton
0.06
0.32
4.36
0.13
0.44
e
c8
score
4
3
5
4
6
c9
$/ton
85
0.080
210
1,000
1,900
a
R1: Portland cement, R2: Aggregate, R3: Sawdust, R4: Fiber glass, R5: Styrene Butadiene
Rubber
b
R1: Physical process=7, R2: Physical process =7, R3: Physical process +Thermal process =6,
R4: Physical process +Thermal process =6, R5: Physical process + pyrolysis=5; ascending order
is preferred.
c
Score value is defined to average operation times R1: Average operation time 180 days, R2: 28
days, R3: 14 hours, R4: 1h; R5: 2 days; descending order is preferred.
d
R1: %5 waste PCB addition R2: %10-25 waste PCB addition. R3: %10-20 waste PCB addition.
R4: Virgin fiber glass production. R5: %4 waste PCB addition; ascending order is preferred.
e
R1: Chemical consumption. R2: No chemical consumption. R3: KH550 consumption. R4:
Carbon powder consumption. R5 SBR consumption; descending order is preferred.

3. RESULTS
The weighting values of criteria, the results of Entropy, for upcycling and recycling methodologies are given
in Table 9. For both cases, the c1 (Abiotic Depletion Potential element) criterion was found to be the most
important criterion.
Table 9. Weighting values of criteria for upcycling and recycling methodologies
Criteria no
c1
c2
c3
c4
c5
c6
c7
c8
c9

Weighting values
methodologies
0.2949
0.2488
0.2911
0.0167
0.0102
0.0088
0.0230
0.0075
0.0989

for

upcycling

Weighting values
methodologies
0.3332
0.1233
0.1642
0.0017
0.0120
0.0019
0.2088
0.0060
0.1491

for

upcycling

TOPSIS results and general ranking of the alternatives are presented in Table 10 and Table 11. In these tables,
Si+, Si- and Pi shows the distances from the ideal solution, nadir ideal solutions and relative closeness to the ideal
solution, respectively. MCDM study (TOPSIS) shows that the copper-tin alloy (bronze) recovery and Portland
cement substitution are the most appropriate upcycling and recycling method, respectively.
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Table 10. TOPSIS results for upcycling methodologies
Si+
SiPi
0.4833
0.0736
0.1321

Methods
U1
U2
U3
U4
U5

Ranking
5

0.0121

0.4858

0.9757

1

0.0713

0.4833

0.8714

2

0.0740
0.4832
0.8671
0.0618
0.4767
0.8853
U1: Gold, U2: Copper-tin alloy, U3: Lead, U4: Activated carbon, U5: Copper

3
4

Table 11. TOPSIS results for recycling methodologies
Methods

Si+

Si-

Pi

Ranking

R1

0.1254

0.4303

0.7743

1

R2

0.1318

0.4254

0.7634

2

R3

0.2626
0.1747

0.3459
0.3897

0.5685
0.6904

4
3

R4
R5

0.3363
0.2695
0.4448
5
R1: Portland cement, R2: Aggregate, R3: Sawdust, R4: Fiberglass, R5: Styrene Butadiene Rubber

4. CONCLUSION
Nowadays, the contribution of waste PCBs to the circular economy is limited due to the inadequate management
of these wastes. To determine the most appropriate management methodology, environmental, technical, and
economic aspects should be considered at the same time. At that point, LCA and MCDM are very helpful tools.
In this study, upcycling and recycling methods of waste PCB management were examined by using LCA and
MCDM. LCA was used to form the environmental sub-criteria of MCDM. In addition to this, sub-criteria for
technical and economic criteria were formed.
The results of the study showed the preference ranking order among the considered upcycling and recycling
methods. These results have the potential to be further widened to obtain a matrix that can be used as an outline
for circular economy policies for electric-electronic waste management.
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Treatment of Citrus Juice Process
Wastewater with UASB and Biogas
Production
Sevgi Güneş-Durak1,*, Seren Acarer2, Güler Türkoğlu-Demirkol2
Abstract
A lab-scale up-flow anaerobic sludge blanket (UASB) reactor was used for biogas production from the
citrus juice process wastewater (CPWW). The volume of the reactor was 11.5 L. During 200 days of the
reactor, the organic loading rate (OLR) value changed from 1.8-21.9 kgCOD.m-3.d-1, upflow velocities
(Vup) 0.1-5.2 m.h-1 and hydraulic retention time (HRT) changed from 0.042 to 4.16 days. The reactor
showed a stable performance at all organic loadings. The COD removal efficiencies obtained from the
experiments are 71.5 ± 21% and 83.3 ± 16.3% for total and soluble COD, respectively. The acetic acid
concentration changed from 135 to 650 mg.L-1. The temperature was kept in the range of 35.1 ± 1.4 oC,
the pH in the range of 6.6 ± 0.2, and the alkalinity was controlled daily and kept in the range of 411 ±
273 CaCO3 mg.L-1. After anaerobic reactions, 6283 ± 3476 m3.d-1 biogas was produced and the methane
concentration in the biogas was 65.5 ± 11.5%. Depending on the methane production, the annual energy
value potential that can be obtained from the existing UASB reactor is estimated as 48,768 kWh.
Keywords: Biogas, citrus juice process wastewater, COD, methane, organic loading rate, UASB
reactor.

1. INTRODUCTION
The fruit juice processing industry consists of 3 lines: the clear line where fruits such as apples and cherries
are processed, the blurred line where fruits such as peaches and apricots are processed, and the citrus line
where fruits such as oranges, lemons, tangerines, grapefruit, limes, bergamot, and lemons are processed [1,
2]. A large amount of water is consumed in the citrus line, as in other lines, and a large amount of wastewater
is produced in direct proportion to this consumption. In the citrus juice process facilities, water is used in
many stages such as during the transportation of the products, washing, rinsing, pressing the fruits, washing
the glass bottles, container washing, filtration, and grinding of the juice [3]. After all these processes, a large
amount of wastewater is released. In many citrus processing plants, clean water is used several times in a row
at different stages. However, the total amount of wastewater is more than 10 times the volume of citrus juice
produced [4–6].
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In general, CPWW can be thought of as dilute solutions of citrus juice. Wastewater from citrus processing has
a high water (80-90%) and organic matter (95%) content [7]. Numerous treatment processes have been tried
for citrus processing waste and wastewater from the past to the present. These include ponding and chemical
flocculation, spreading, spray irrigation, artificial aeration, yeast production, anaerobic ponding, trickle
filtration and activated sludge, anaerobic digestion, and membrane filtration [8]. Due to its high organic
matter content and the development of microbial mass, biological treatment has been applied in the treatment
of CPWW in recent years [9]. Because treatment plants based on physical and chemical treatment are
expensive and rarely reliable and efficient, it has limited use for CPWW. For example, the removal of
CPWW by evaporation creates a high energy requirement. A disadvantage is the removal of dissolved and
suspended solids by flocculation and the high cost of flocculation materials as well as low removal efficiency.
Therefore, biological treatment is preferred due to the ingredients in CPWW [2]. Anaerobic treatment is
preferred over biological treatment methods. Facultative and anaerobic microorganisms convert organic
materials into carbon dioxide (CO2) and methane (CH4) in the absence of oxygen [5]. Also, thanks to
anaerobic digestion, there is less sludge production, more energy gain, and, above all, less cost [10]. Biogas
produced after anaerobic treatment can be used for steam production in boilers and meets the energy demands
of the unit [11].
Factors such as temperature, OLR, alkalinity, pH, and HRT affect the performance of bacteria and the yield
of the obtained product [5]. In particular, OLR and HRT determine the final amount of hydrolysis and
methanogenesis in a UASB reactor, especially at a set-up stage. OLR is a challenge for maximum biogas
production and high COD removal [12]. Compared to other digesting methods, the occurrence of anaerobic
reactions at lower HRT is an advantage [13]. Along with all these advantages, the anaerobic digestion of
citrus residues makes it possible to reduce wastewater disposal problems. In addition, since it has a high
phosphorus content as a final product, it can be applied directly to the soil as a fertilizer or organic substance.
The high rate of methane production compared to other industries is the reason why anaerobic methods are
preferred for CPWW [2].
Some anaerobic treatment methods applied for CPWW are batch-activated sludge-two-stage anaerobic
reactor [8, 14–16], upstream sludge-bed anaerobic reactor [17–19], lab-scale completely stirred tank reactor
[20], thermophilic downflow stationary fixed film anaerobic reactor [21], anaerobic hybrid reactor [22],
anaerobic batch reactor [23], lab-scale horizontal flow anaerobic immobilized biomass reactor [24], two-stage
anaerobic digestion [25] and pilot-scale up-flow sludge blanket anaerobic reactor [26] methods. The
limitations of these methods are the long set-up time (biological adaptation) and the requirement to maintain
active biomass.
The current study, it is aimed to present the results obtained from the study of a lab-scale UASB reactor to
achieve high biogas production and COD removal by anaerobic digestion of citrus process wastewater. In
addition, the electrical energy potential that can be provided is estimated based on the amount of biogas
produced.

2. MATERIALS AND METHODS
2.1. Wastewater Characteristic
In this study, treatment efficiency and biogas production performance were investigated by using UASB in
CPWW treatment. Wastewater was supplied from a fruit juice production facility with a total fruit processing
capacity of 125,000 tons. There is an annual inflow of 75,000 tons of citrus fruit to the facility, and the
amount of freshwater entering the facility for production is 720,908 m3 per year on average. The amount of
wastewater coming out of the facility is 127 m3 per day on average.
The soluble chemical oxygen demand (SCOD), total chemical oxygen demand (TCOD) and volatile fatty
acids (VFAs) (as acetate) concentrations, total Kjeldahl nitrogen (TKN), total phosphorous (TP), and total
suspended solids (TSS) contents, and pH and electrical conductivity values of CPWW are given in Table 1.
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Table 1. Citrus juice wastewater characterization
Parameter

Wastewater

-1

SCOD (mg.L )

7,760 ± 0,02

TCOD (mg.L-1)

12,926 ± 0,09

TKN (mg.L-1)

29.3 ± 1.3

TP (mg.L-1)

9.7 ± 0.01

pH

4.64 ± 0.3

VFA (as acetic acid) (mg.L-1)
-1

TSS (mg.L )

27.5 ± 1.7
1,442 ± 0,05

-1

Conductivity (mS.cm )

1.35 ± 0.02

2.2. The Experimental Setup
The lab-scale UASB reactor in the study was made of plexiglass, with a diameter of 0.12 m, a length of 1.5
m, and an effective volume of 11.5 L (Figure 1). There was a gas/liquid/solid separator at the top of the
reactor. The gas was collected at the upper point as separated and the gas flow was measured with a wet gas
meter. On the other hand, liquid products were taken to the collection container by wedging from the upper
part. The temperature in the reactor was kept constant in the range of 35.1±1.4 oC.

Figure 1. Lab-scale UASB reactor

2.3. Operating Conditions
Feed solutions were prepared daily. 3 L of 11.5 L was prepared as granular sludge and the remaining volume
was as citrus juice waste. Alkalinity, SCOD, TCOD, OLR, biogas, methane, TSS, and VSS every other day;
BOD5, TKN, TP, pH, VFAs, electrical conductivity, and temperature parameters were measured when
necessary. The analyzes were carried out to determine the SCOD and TCOD removal efficiency, the amount
of biogas produced, and the proportional distribution of the gases in the biogas. The initial HRT value was
0.85 days and the mean initial COD value was 7000 mg.L-1. The OLR varied between 1.8 and 21.9
kgCOD.m-3. d-1. The alkalinity value at the inlet is 720 CaCO3 mg.L-1. To keep the COD/N/P ratio around
300/5/1, nutrient was added to the wastewater with ammonium chloride (NH4Cl) and disodium phosphate
Na2HPO4. To provide sufficient alkalinity in the reactor and to buffer CO2 and volatile acids, 3.3 gL-1
NaHCO3 was added. According to the alkalinity measurement results, this amount was increased when
necessary. After the system was put into operation, 50 L of wastewater per day was sent to the reactor from
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the influent tank with a peristaltic pump for 60 days. After the adaptation was achieved, a 200-day operating
period was started.
COD analyzes were performed using COD Reactor CR25, DragonLab MX-F, and Spectroquant Colorimeter
Picco COD/CSB Merck instruments by EPA 410.4 and ISO 15705 standards [27, 28]. HQ40D Portable
pH/Dissolved Oxygen Meter Dual-Channel Multimeter was used for pH and electrical conductivity
measurements. TKN, TP, BOD5, TSS and VSS analyzes were performed using Standard Methods [29].
VFAs parameter was measured by Anderson and Yang [30] method and alkalinity measurements were
measured with standard methods 2320 B [31]. Gas measurements were made with the liquid displacement
method, 2 days a week during the 200-day operating period. Methane gas was obtained by separating carbon
dioxide from biogas by passing it through a liquid containing 3% NaOH, and the amount of methane gas was
measured using Draeger X-am® 2500.

2.4. Possible Energy Values
The daily produced energy (DPE) that can be obtained from biogas production is calculated by Eq. 1 [32].
(1)

!"# = %! × %%)" × "*

where DPE is the energy produced daily (kJ.d ); CV, the theoretical calorific value of methane (35.75 kJ.L-1)
(at 1 atm. pressure and 273 K); The value of methane produced in %CH4 biogas, PB, is expressed as the
measured amount of biogas (l.d-1) (1 atm. pressure and 273 K temperature).
-1

Eq. 2 is used to calculate the daily energy used (DUE) to produce biogas [32]:
(2)

!+# = %# × ∆- × .

where DUE is the energy required for the combustion of biogas (kJ.d-1); Cp is the specific heat capacity of the
wastewater (3.8 kJ.L-1 oC); ∆T is the temperature rise (oC) affecting the reactor due to heating and Q is the
average flow rate (L.d-1) of the UASB reactor.
Heating efficiency is calculated by Eq. 3 [32]:
)/01234 #55262/367 =

$%&
$#&

× 100

(3)

To calculate the energy outputs (NEY, kJ.d-1) in the daily produced energy content, the daily used energy is
subtracted from the daily produced energy (Eq.4) [32].
(4)

:#; = !"# − !+#

Eq. 5 is used to determine the energy potential of CPWW [32].
#)×% '-!

#"'#(( = ./0%

"#$ ×!&

× =%>! × =%>! − ?# × %!

(5)

EPCPWW, energy potential (kJ m-3CPWW); OLRsrem removed dissolved organic loading rate (kg-SCOD m-3.d-1),
VR, reactor volume (m3); SCOD is SCOD entering the reactor (g-SCOD L-1CPWW) and SCOD-RE is SCOD
removal efficiency (%). Descriptions of other parameters are given in the explanation of Eq. 1.

3. RESULTS AND DISCUSSION
3.1. Operating Period Results
In the study, using the lab-scale UASB reactor, the treatment of CPWW for 200 days and the biogas structure
formed by the reactor were monitored. At the end of 60 days, the reactor stabilized, and granular sludge
formation started. The characteristics of the wastewater in the UASB reactor during operation are given in
Table 2.
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Table 2. Wastewater characteristics of UASB reactor
Parameter
Influent SCOD (mg.L-1)

Value
5,466 ± 1542

Effluent SCOD (mg.L-1)

610 ± 437

Influent TCOD (mg.L-1)

7,356 ± 1756

Effluent TCOD (mg.L-1)

1500 ± 875

Influent BOD5 (mg.L-1)

2462.5 ± 374

Effluent BOD5 (mg.L-1)

662 ± 324

Influent TP (mg.L-1)

13.8 ± 0.9

Effluent TP (mg.L-1)

12.9 ± 8.3

Influent TKN (mg.L-1)

51.0±27.0

Effluent TKN (mg.L-1)

12 ± 9.1

OLR (kgCOD.m-3.d-1)

8.63 ± 5.0

HRT (h)

27.7 ± 22

Influent Temperature (oC)

35.1 ± 1.4

Effluent Temperature (oC)

33.3 ± 0.7

Influent pH

6.6 ± 0.2

Effluent pH

6.5 ± 0.5

Alkalinity as CaCO3 (mg.L-1)

411 ± 273

VFA as acetic acid (mg.L-1)

319 ± 160

3

-1

Biogas production (m .d )

6,283 ± 3,476

Flow (m3.d-1)

1,386 ± 868

3.2. SCOD and TCOD Removal in UASB Rector
Initially, it was kept as approximately OLR of 7 kgCOD.m-3.d-1, and it was ensured that this rate did not
decrease below 60%. The OLR increased to approximately OLR of 10 kg kgCOD.m-3. d-1 in two weeks.
According to the results obtained, the output TCOD concentrations varied from 41 mg.L-1 to 4,590 mg.L-1
during the monitoring period. The TCOD removal efficiency changed from 51% to 93%, respectively (Figure
2). SCOD removal concentrations ranged from 20 mg.L-1 to 1,853 mg.L-1, and SCOD removal efficiencies
ranged between 67% and 99.6%. It is also seen from Figure 2 that as the influent concentration increases, the
removal efficiency increases [33].
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Figure 1. SCOD-TCOD influent and effluent concentrations, and removal efficiencies
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3.3. Effect of OLR on UASB Rector
OLR is important in terms of microbial ecology [34]. The treatment efficiency increased with the increase of
OLR in many wastewaters. However, in case of an excessive increase, problems such as excessive foaming at
the gas-liquid interface in the sludge blanket, its flotation and gas-liquid-solid separator, and accumulation of
undigested components arise [35]. When Table 2 and Figure 3 are examined, the OLR increased to 21.9 kg
COD m-3.d-1 in steady-state conditions and the TCOD removal efficiency was 54% and the SCOD removal
efficiency was above 89% in the said OLR [10], [36]. Hajiabadi et al. (2009) [37] states that high OLR
provides high TCOD removal. As OLR increases, there is a decrease in TCOD removal efficiency (Figure 4)
[37]. While the TCOD removal efficiency was 90% when the OLR was 1.8 kg.m-3, there was a general
decrease in the TCOD removal efficiency as the OLR increased.
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Figure 2. Variation of SCOD and TCOD removal efficiencies according to OLR

3.4. The Effect of Alkalinity on the UASB Rector
Low pH slows down anaerobic degradation. The VFA concentration is a function of pH. In acidic conditions,
the amount of VFAs increases [38]. When Figure 4 is examined, the amount of VFA (acetic acid) is low in
conditions where alkalinity is high, and the amount of VFA is high in conditions where it is low [39]. In the
study, the amount of propionic acid and butyric acid was ignored as they were in trace amounts.

CaCO3 mg.L-1

Alkalinity
1000
900
800
700
600
500
400
300
200
100
0

0

20

40

60

VFA as acetic acid

80

100

120

140

160

Days
Figure 3. Variation of Alkalinity and VFAs concentration during operation
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3.5. The Impact of Upflow Velocity on the UASB Rector
HRT can cause compaction and coalescence of solids in the sludge blanket as a result of its relationship to the
Vup and the solid's contact time in the reactor [35], [40]. Vup is the main factor affecting reactor efficiency. It
affects sludge retention and is the basis of the settling characteristic. Increasing the Vup increases the collision
rate between suspended particles and sludge, and increases the removal efficiency [35], [41]–[43]. When
sufficient contact time between the sludge and wastewater is provided, the biomass is separated from the gas
[44]. With the increase in Vup, HRT and removal efficiency also decrease [35], [45]. HRT, which was
determined as 69.3 hours at 0.1 m.h-1 Vup speed, decreased to 9.7 hours when Vup reached 1.9 m.h-1. In
addition, as shown in Figure 5, TCOD removal efficiency decreased as HRT decreased [44], [46], [47].
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Figure 4. The effect of upflow velocity and variation of HRT and SRT on SCOD, TCOD, and TSS removal efficiencies

3.6. Biogas Production and Composition in the UASB Reactor
Produced biogas values are given in Figure 6 and Figure 7. The biogas production amount is 6283 ± 3476
m3.d-1 on average. The biogas content consists of methane gas at a high rate (Figure 7). On average, biogas
contains 62% CH4, 32% CO2, and traces of H2S. The studies show similarities with the available data.
Accordingly, it is possible to obtain from 54% to 77% methane [47–50] and 30-50% CO2 [51] from biogas
and convert methane into energy.
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Figure 5. Biogas, and the amount of methane production in its content
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While there was more biogas production at the beginning, as time passed, a decrease in biogas production
occurred and an insignificant increase was observed from the 143rd day. However, the amount of CH4 in the
biogas content is also higher in the initial phase and decreases similar to the decrease in biogas production.
When Figure 4 and Figure 6 are examined, it is seen that there is a similar change between VFA amount and
biogas production [39].
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Figure 6. The amount of biogas formation and the percentage of gases

The amount of biogas production varied between 6283 ± 3476 m3.d-1 and there was a directly proportional
increase in biogas production as OLR increased (Figure 8). The linear regression showed a high R2
coefficient (0.8405).
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Figure 7. Change of biogas production amount according to organic loading rate

When calculations are made with the equations given in the possible energy values section, DPE, DUE,
Heating Efficiency, NEY, and EPCPWW values are given in Table 3.

116

Treatment of Citrus Juice Process Wastewater with UASB and Biogas Production
Sevgi Güneş-Durak, Seren Acarer, Güler Türkoğlu-Demirkol
Table 3. Approximate energy values that can be obtained from the UASB reactor
Parameter
UASB reactor
DPE (kWh)

71,715

DUE (kWh)

2633.4

Heating efficiency (%)

3.67

NEY (kWh)

69,081.6

EPCPWW (kJ.m-3CJIW)

3859

The daily energy produced under operating conditions is more than the average daily energy use. The lower
the DUE, the higher the heat losses. NEY represents 96.3% of the DPE from the UASB reactor (71,715
kWh). This result shows that the reactor is a useful system. EPCPWW has been calculated considering the
operating parameters of the reactor. The increase in temperature increased the EP, accordingly biogas
production and anaerobic biomass activity increased. The amount of wastewater released from citrus juice
production is approximately 127 m3 per day (3800 m3 per month). The efficiency of a potential power source
produces 3859 kJ.m-3 CPWW (3.85 MJ.m-3 CPWW) can reach 14,630 MJ or 4,064 kWh per month. The
annual amount may correspond to 48,768 kWh. In addition, the heat generated while the biogas is converted
into electricity can be directed to the reactor, as the efficiency of the reactor will increase if the temperature is
high. This increases both the biogas production and the NEY value.

4. CONCLUSION
The start-up period for the UASB reactor was 60 days. The reactor was then operated for 200 days, and the
citrus juice wastewater treatment was successfully carried out. 6283 ± 3476 m3.d-1 of biogas was produced
through the treatment with the UASB reactor, and it contains an average of 62% and a maximum of 74%
methane. The organic loading rate increased up to 21.9 kgCOD.m-3.d-1 and an average of 72% treatment
efficiency were achieved. With the increase of OLR, biogas production also increased. More than 80% SCOD
and TCOD removal efficiency were determined between Vup 0.3 m.h-1 and 0.7 m.h-1. It is possible to say that
the interaction of the particles deteriorates after the Vup speed of 0.7 m.h-1. HRT and SRT decreased
significantly with increasing Vup rates. According to the analysis results, it is possible to say that there is a
negative correlation between VFA as acetic acid and alkalinity. When the energy values are examined, it is
possible to obtain 48,768 kWh of energy annually from the system. This energy can be used to increase the
temperature of the reactor and accordingly increase biogas production. Therefore, it is seen that the use of the
UASB reactor is appropriate due to the fact that energy can be obtained from the system and the high organic
matter content of citrus juice wastewater. Increasing the wastewater fed to the UASB reactor and thus the
volumetric capacity of the reactor can provide electricity generation that can meet the required energy needs
in some units of the citrus juice industry. In addition, the high SCOD and TCOD removal efficiency show
that the wastewater treated by the UASB reactor can be used in appropriate units.
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A Pilot Scale Modified High-Rate Contact
Stabilization Process for Energy-Neutral
Wastewater Treatment
Emir Kasım Demir1, Dilara Sancar 2, Erkan Şahinkaya3, Barış Çallı4, Neslihan
Semerci5
Abstract
Our study explores the performance of a pilot-scale modified high-rate contact stabilization (HiCS)
process for the first time. In this study, the amount and composition of extracellular polymeric substances
(EPS) produced by the HiCS under different operating conditions (hydraulic retention time (HRT),
dissolved oxygen (DO), sludge retention time (SRT) and influent carbon/nitrogen ratio) and organic
carbon, nitrogen and phosphorus removal efficiencies are investigated. Increasing the organic matter
harvesting from wastewater will be achieved with the operation of the bioreactor at short SRTs and
recycling a part of stabilized sludge to the primary settling tank to improve the bioflocculation and
improving organic matter harvesting. In the pilot plant, effluent COD concentrations varied between 80200 mg/L, corresponding to COD removal efficiencies of 60 to 80%. Compared to stabilization tank,
around 20% increase in the EPS production was observed in the contact tank. The modified pilot scale
high-rate CS process in our study performed better than its counterparts in the literature. Therefore, the
developed process seems promising for using it in full-scale applications.

Keywords: Activated sludge, Contact stabilization process, Energy recovery, EPS production, Short
SRT.

1. INTRODUCTION
Due to increasing energy costs in recent years, high-rate activated sludge processes have started to attract
attention. In addition, high-energy consumption of conventional wastewater treatment plants, greenhouse gas
emissions, and difficulties in the disposal of waste sludge require the development of novel processes to
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address these issues. Therefore, studies have focused on the development of novel process alternatives to
capture energy from domestic wastewater for achieving energy-neutral or even energy-positive treatment. It is
known that domestic wastewater contains 6-9 times more energy than the energy required for treatment. In
this study, a modified high-rate contact stabilization (HiCS) process (a type of A-process) was developed to
harvest organic matter from municipal wastewater without compromising wastewater treatment performance.
For this purpose, organic carbon components in wastewater are concentrated by improving adsorption and
bioflocculation mechanisms while allowing minimal oxidation. In the contact stabilization process, the return
sludge is aerated in a separate tank (stabilization tank) and then it is mixed with the wastewater in the contact
tank to absorb organic maters. In the conventional stabilization process, sludge retention time (SRT) is
generally kept high (6-15 days) and the high portion of organic matter is oxidized without aiming its
recovery.
Studies on this subject in the literature show that bioflocculation is more efficient in the high-rate CS process
and therefore more organic carbon can be retained than the A-stage adsorption process. There are two
different hypotheses put forward to explain this [2,4]. In the first one, it is suggested that as a result of
aeration of the sludge in the stabilization tank for 30-45 minutes, free absorption sites appear on the sludge
and the biosorption capacity increases. In the second hypothesis, it is accepted that the number of cells
increases due to the high volumetric organic load applied to the contact tank, and thus, more EPS is produced
compared to the stabilization tank, providing additional surface areas for adsorption [3,4]. In previous studies,
it was determined that low sludge ages increase the biosorption efficiency but decrease EPS production
[1,2,4]. Around 30-50% more biosorption takes place in the contact tank than in the stabilization tank [1].
EPS composition varies depending on the inlet wastewater characterization.
In this study, a novel high-rate contact stabilization process was developed to increase the organic matter
harvesting from wastewater. It will be achieved with the operation of the bioreactor at short SRTs and
recycling a part of stabilized sludge to the primary settling tank to improve the biofloculation and improving
organic matter harvesting. Thanks to the contact stabilization (CS) process, extracellular polymeric
substances (EPS) are increased in two different aeration tanks. It is aimed to increase EPS concentrations with
the feast and famine cycles in the process. Activated sludge, which is in the famine phase in the stabilization
tank, enters the feast phase when it is returned to the contact tank and adsorbs the organic carbons in the
wastewater without being oxidized thanks to its high EPS concentrations.

2. MATERIALS AND METHOD
Our study explores the performance of a pilot-scale modified high-rate CS for the first time. In the process, a
part of stabilized sludge is sent to the influent of primary settling tank and the rest is diverted to the contact
tank to improve the harvesting of organic matter with minimal oxidation. The volumes of the contact,
stabilization, primary settling and secondary settling tanks varied between 0.4 and 1.3 m3 (Figures 1 and 2).
The pilot plant was fed with wastewater at a flow rate of 1 m3/h obtained from grit chamber outlet from the
Paşaköy WWTP in Istanbul, Turkey. The process was operated with SRTs of 0.5-2 days. The dissolved
oxygen concentrations in the tanks vary between 0-3 mgO2/L. The pilot plant is monitored online and
controlled with a PLC system.

Figure 1. A scene of pilot scale HiCS plant
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In order to determine the total, particulate, colloidal and dissolved COD components of organic carbon, the
raw wastewater was filtered with the filters that different pore diameters. Throughout the study, particles
larger than 1.2 µm will be referred to as particulate, particles smaller than 1.2 µm but larger than 0.45 µm will
be referred to as colloidal. To evaluate fraction of organic carbon, first of all, the raw wastewater was filtered
in a vacuum set with a fiber-glass filter with a pore diameter of 1.2 µm, and this filtrate contains dissolved
and colloidal COD components. The particulate COD component was retained by the filter. Then, the first
filtrate sample was filtered again with an injector filter with a pore diameter of 0.45 µm and the obtained
filtrate sample represents the dissolved COD component. The difference between the COD values obtained
from the first filtrate sample and the second filtrate sample defines the colloidal COD component. The
particulate COD value was also calculated by subtracting the COD value of the first filtrate sample from the
raw COD value without filtering.

Figure 2. The flow chart of pilot scale modified HiCS plant

Nitrogen and phosphate measurements were measured with LCK 238 (HACH) and LCK 348 (HACH) kits,
respectively, in the laboratory in Paşaköy WWTP. Nitrogen and phosphate measurements were performed in
both total and dissolved wastewater samples. SMP and EPS samples were extracted according to the method
described by [2]. SMP and EPS analyzes were implemented by measuring carbohydrates [5] and protein [6]
concentrations in the samples prepared. Analyzes of COD, SS and VSS were measured as specified in the
standard method [7].

3. RESULTS AND DISCUSSION
Organic carbon components of influent wastewater were measured 9 times in total. Average values of total,
particulate, colloidal and dissolved COD were measured 489.6±171.2, 359.5±125.4, 8.7±8.1 and 123.9±45.5
mg/L, respectively. Depending on the weather conditions, the total COD concentrations of the influent
wastewater varied between 251 and 726 mg/L. Most of the influent wastewater (73%) consists of particulate
COD. The remaining 25% contains dissolved and 2% colloidal COD.
In the pilot plant, effluent COD concentrations varied between 80-200 mg/L, corresponding to COD removal
efficiencies of 60 to 80%. Compared to stabilization tank, around 20% increase in the EPS production was
observed in the contact tank (Figure 2). Rahman et al. (2017) reported organic carbon removal efficiency in
the range of 41%-61% in the high-rate CS process operated at 0.69-1 day sludge age, fed with a chemically
enriched pre-settlement outlet. The modified pilot scale high-rate CS process in our study performed better
than its counterparts in the literature. Therefore, the developed process seems promising for using it in fullscale applications.

4. CONCLUSION
The pilot scale modified HiCS plant, which was operated at sludge ages of 2 days or less, performed above
expectations and reached very low effluent COD values (63-85% removal efficiency). Especially as a result
of the send of stabilized sludge to the primary settling tank, the COD removal efficiency of the primary
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settling tank increased in the range of about 15-20% and increased up to 55%. The results obtained can set a
guide for all facilities planned to be operated at low sludge ages.

ACKNOWLEDGMENT
This study was financially supported by TUBITAK (Project No: 120Y160). Istanbul Water and Sewerage
Administration (ISKI) is also acknowledged for the permission of the setup of the pilot plant in İstanbul
Paşaköy STP, Turkey.

REFERENCES
[1]. A. Rahman, F.A. Meerburg, S. Ravadagundhi, B. Wett, J. Jimenez, C. Bott, A. Al-Omari, R. Riffat, S. Murthy, H. D.
Clippeleir, “Bioflocculation Management through high rate contact stabilization: A promising technology to recover
organic carbon from low-strength wastewater”, Water Research, vol. 104, pp. 485-496, Nov. 2016.
[2]. A. Rahman, M. Mosquera, W. Thomas, J.A. Jimenez, C. Bott, B. Wett, A. Al-Omari, S. Murthy, R. Riffat, H. D.
Clippeleir, “Impact of aerobic famine and feast condition on extracellular polymeric substance production in high-rate
contact stabilization systems”, Chemical Engineering Journal, vol. 328, pp. 74-86, Nov. 2017.
[3]. A. Rahman, H. De Clippeleir, W. Thomas, J. A. Jimenez, B. Wett, A. Al-Omari., ... & C. Bott, “A-stage and high-rate
contact-stabilization performance comparison for carbon and nutrient redirection from high-strength municipal
wastewater”, Chemical Engineering Journal, vol. 357, pp. 737-749, Feb. 2019.
[4]. A. Rahman, M. Hasan, F. Meerburg, J. A. Jimenez, M. W. Miller, C. B. Bott, A. Al-Omari, S. Murthy, A. Shaw, H.
D. Clippleir, R. Riffat, “Moving Forward with A-stage and high-rate contact stabilization for energy efficient water
resource recovery facility: Mechanisms, factors, practical approach and guidelines”, Journal of Water Process
Engineering, vol. 36, p. 101329, Aug. 2020.
[5]. M. Dubois, K.A. Gilles, J.K. Hamilton, et. al. “Colorimetric method for determination of sugars and related
substances”, Anal Chem, vol. 28, pp. 350–356, Mar. 1956.
[6]. M.M. Bradford, “A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding”, Anal Biochem, vol. 72, pp. 248–254, May. 1976.
[7]. APHA, “Standard Methods for the Examination of Water and Wastewater”, Washington DC, USA, 2005.

BIOGRAPHY
Neslihan SEMERCİ has received her Bachelor’s degree in Environmental Engineering from
Marmara University in 1997. She earned her MS degree in Environmental Engineering from
Marmara University in 2000 and PhD in Environmental Technology from Boğaziçi University in
2007.
She is currently a faculty member of Environmental Engineering at Marmara University, İstanbul,
Turkey. Her current research interests include phosphorus recovery from differen twastewater
treatment plants (supernatant, excess sludge, sludge ash) through physico-chemical and biological
processes, anaerobic dynamic membrane systems and nutrient removal processes.
She may be contacted at neslihan.semerci@marmara.edu.tr or nsemerci@gmail.com .

122

Color Removal From Synthetic Textile
Wastewater Using a Pilot-Scale Anaerobic
Bioreactor
Amar Ćemanović1, Osman Atilla Arıkan2, Özer Çınar3
Abstract
The textile industry is notorious for the high volume of wastewater it produces. Depending on the process,
it may be high in organic matter, acids/bases, strong chemicals, or have significant concentrations of dye.
The latter is an inevitable consequence of textile dyeing processes that happens because of the relatively
low dye retention of fabrics. Physicochemical processes such as ozonation and coagulation are efficient
in removing color from wastewater but are not the most cost-effective and environmentally friendly
approaches. As an alternative, various biological methods have been examined — most prominently
anaerobic processes. The nature of anaerobic bacterial digestion provides for a way to utilize the dye as
an electron acceptor, thereby metabolizing it into simpler and less harmful compounds. In this study, a
pilot-scale anaerobic CSTR bioreactor was operated with synthetic textile wastewater, and the efficiency
of COD and color removal was evaluated. The results suggest that such systems are effective in removing
most of the COD and color from the wastewater. In addition, relevant literature suggests that coupling
anaerobic with aerobic reactors in one system could provide the best removal efficiencies for this type of
wastewater. Further research is required to evaluate this approach in pilot-scale and full-scale systems.
Keywords: Color removal, textile wastewater, biological treatment, anaerobic bioreactors.

1. INTRODUCTION
The textile industry is a great consumer of dyes. Out of the >1 million tons of dye produced yearly, around
50% are textile dyes [1]. Depending on dye and fabric properties as well as the process applied, between 50%
and 98% of the dye applied cannot be retained and hence becomes discharged with wastewater [2].
Additionally, there are other chemicals used to enhance dye fixation, including surfactants and heavy metals,
which render the wastewater even harder to treat [3].
Since dyes exert their negative effects on water even at low concentrations, a high level of removal is
required in order to reduce the effect on the environment to a minimum. However, they are produced to be
chemically resistant and hence are not readily biodegradable, which can be exemplified by the fact that
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conventional plants treating municipal wastewater can remove only around 20-30% of color stemming from
synthetic dyes [4].
Textile industry is well developed in Turkey and as such produces significant amounts of wastewater
containing unconsumed (reactive) dyes. In order to meet the effluent standards stipulated by law, various
treatment systems are currently being applied. The most commonly applied method is aerobic biodegradation
which, if not supplemented by some additional form of treatment, often fails to meet the required effluent
values. The reason is that aerobic conditions do not enable color biodegradation, so that only partial removal
is achieved by adsorption to biomass and/or membrane filtration. Additional treatment often involves the use
of chemicals which themselves need to be properly removed. For these reasons, the most effective and
sustainable way to remove color from wastewater is by using anaerobic treatment systems.
The purpose of this study is to examine the removal efficiency of COD and color from synthetic textile
wastewater using an anaerobic CSTR reactor as described in the Materials and Methods section.

2. MATERIALS AND METHODS
For the purpose of this study, a pilot-scale anaerobic CSTR reactor was set up. It features an integrated
settling apparatus as a means of biomass separation (Figure 1). The active volume of the reactor is 55 liters,
and mixing was performed using a magnetic stirrer. Peristaltic pumps were used to pump influent feed into
the reactor, and effluent out of it. The pumps were regulated using level sensors and scales, and managed
through a PLC unit.

Figure 1: Schematic of system setup with in-reactor settling apparatus

Synthetic wastewater was prepared according to [5] with the composition outlined in Table 1. The dye used
was Kimsoline Ultra Black DR. The bioreactor was initially inoculated with a mixed microbial culture
obtained from return activated sludge (RAS) of Ambarlı Advanced Biological WWTP in Istanbul, operated
by the Istanbul Water and Sewerage Administration (ISKI).
The reactor was run at a temperature of 35o C, with an HRT value of 24 h and SRT of 15 days.
Samples were collected from the synthetic feed, the reactor, and its effluent. Analyses were performed to
determine COD and color concentration, pH and ORP, TSS concentration and others. Color was measured as
PtCo and also at 3 different wavelengths: 436nm, 525 nm and 620 nm.

3. RESULTS AND DISCUSSION
The average COD removal of the system was >90%, which was expected and in line with findings in other
studies. The color removal was >50% (at some wavelengths even >75%), which is promising and suggests
that with additional treatment, such as an aerobic reactor connected in sequence, complete removal could be
achieved. During the study, pH levels were kept in the range of 7-7.5 to provide the right environment for the
anaerobic bacteria to thrive. The average ORP of the system was -450 mV, signifying a reducing
environment.
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Table 1. Composition of synthetic textile wastewater used in the study [5]
Chemical

Concentration (mg/L)

NH4CI

230

MnCI2.4H2O

0,5

ZnCl2

0,05

K2HPO4

37

KH2PO4

67

Na2SO3.5H2O

0,164

(NH4)6Mo7O24.4H2O

0,05

CuCl2.2H2O

0,038

FeCl3.6H2O

5

NiCl2.6H2O

0,09

CoCl2.6H2O

1

MgSO4.7H2O

92.5

CaCO3

136.6

Sucrose

1000 (as COD)

4. CONCLUSION
The obtained results are promising as they show that significant COD and color removal can be achieved on a
pilot-scale level. Further work is needed to evaluate whether an anaerobic-aerobic sequential system would be
able to achieve complete treatment of textile wastewater from dyeing processes.
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Performance of Terbutryn Removal by
Adsorption on HDTMA-Organoclay
Dilara Büşra Bartan1, Eda Ceylan2, Mustafa Dönmez3, Derya Ayral Çinar4
Abstract
Pesticides are among the persistent organic pollutants (POPs) that are prohibited under Stockholm
Convention. Frequently used to increase agricultural productivity, pesticides can be carried to surface
water bodies or groundwater by surface runoff and infiltration. Being as a diffuse pollutant, it has
become more important to remove pesticides in place by implementing in-situ solutions. Filtration
trenches can be deployed to treat agricultural runoff while it flows through. One of the best material to be
used as a component in such trenches could be clays with high adsorption capacities at low cost.
However, the hydrophilic surfaces of clays cannot remove hydrophobic contaminants such as pesticides
efficiently. Therefore, organoclays produced by intercalation of clay surfaces by surfactants are proposed
to remove hydrophobic contaminants. For this study, organoclays are synthesized using beidellite clay
and HDTMA surfactant. Adsorption kinetics of natural clay and organoclay are conducted to determine if
organoclays enhanced removal of terbutryn and are appropriate to use in filtration trenches to treat
pesticides.
Keywords: adsorption, agricultural waste, kinetics, pesticides, surface runoff

1.

INTRODUCTION

Persistent organic pollutants (POPs) are hazardous chemicals that arise as a result of industrial activities.
Most of the persistent organic pollutants we know belong to the organochlorine chemical group (aldrin,
endrin, DDT, chlorine, etc.), including pesticides. Pesticides are commonly used in agriculture to control
plants, fungi or insects that might damage the products and decrease efficiency.After applied to agricultural
lands, pesticides can be carried by runoff and contribute as one of the main diffuse pollution source
contaminating water sources and soil. Although the concentrations contained in the runoff might be below the
standards, they can still cause toxicity to other living things in the environment, accumulate in the human
body with the use of water sources or the food containing pesticide. In addition to all of these, empty
pesticide bottles that are randomly thrown into the environment are also considered as a very important
source of pollutants. Since the pesticide remaining in these bottles is carried directly by rain water without
dilution, it can cause peak pesticide concentrations to be observed.
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Adsorption is considered as one of the best suitable treatment method to remove pesticides due to their low
water solubility and biodegradability. Among many adsorbents including activated carbon, red mud, resins,
and fly ash, clays are also used as an alternative economic adsorbent. However, the negatively charged
hydrophilic surfaces of clays make them efficiently adsorb only water soluble contaminants. In order to
enhance adsorption capacity of clays to remove hydrophobic contaminants, organoclays that are synthesized
by loading the surfaces of clays with surfactants are proposed.
In the literature, organoclays are prepared with natural clays (beidellite, bentonite, montmorillonite, kaolinite,
or sepiolite) and surfactants (HDTMA, ODTMA, TMA, CTAB). The range to remove pesticides by natural
clays was 15-50%. However, it was observed that organoclays can remove terbutryn 86-98%, atrazine 4090%, dicamba 76%, ametryn 80%, alachlor %63 and diuron 96% depending on the initial pesticide
concentrations, pH, clay and surfactant type as well as pesticide's physicochemical characteristics [1].
Specifically, organomontmorillonites are able to increase malathion and butachlor adsorption compared to
natural clay from 40% to around 80%. If bentonite is used, adsorption increase from 20-30% to 70-90%
whereas kaolinite could only promote adsorption from 40 to 60 % [2]. Another study showed that adsorption
of terbutryn, diuron and MCPA by natural clays is in the range of 1-15% and increased up to 98 % depending
on clay type and surfactant used to synthesize organoclay [3]. The goal of this study is to evaluate the kinetics
and capacity of natural bedeillite and HDTMA modified beidellite to adsorb terbutryn.

2.

MATERIALS AND METHODS

Organoclays are synthesized by beidellite and HDTMA. 10 g of natural clay is dispersed with 1000 mL
distilled water in 1000 mL beaker and mixed for 24 h at room temperature. Then 4,7 g of surfactant is added
into swelled clay and mixed for 24 h at room temperature. Obtained organoclays are filtered and dried. To
conduct kinetic experiments for adsorption, 3 g of organoclay is added into 150 mL solution at 10 mg/L
Terbutryn concentration. Samples are taken between 10-300 minutes and centrifuged. Supernatant is analyzed
by UV-Vis spectrophotometer at wavelength of 225 nm to determine terbutryn concentration.

3.

RESULTS AND DISCUSSIONS

Terbutryn adsorption on natural clay is found as 450 mg/kg whereas adsorption on organoclay is 715 mg/kg.
Removal of terbutryn on HDTMA-Beidellite is more than %95 and 66% on natural-Beidellite. So,
modification of natural clay by HDTMA improved the adsorption capacity of natural clay. Also, adsorption
kinetic of terbutryn on natural clay and HDTMA-clay are both represented better by pseudo second order
kinetic model.

4.

CONCLUSIONS

In this study, beidellite was converted to hydrophobic organoclays by intercalation with surfactant in order to
improve its adsorption capacity to remove terbutryn from aqueous solution and natural beidellite which is
hydrophilic is used to remove terbutryn from aqueous solution. Experiments showed that organoclays are
more effective in removing terbutryn. As it expected that the loaded surfactant molecules in the interlayer
space act as a partition phase to the organic pollutants via hydrophobic interaction. Results can be used to
evaluate if filtration trenches with organoclays could be deployed in agricultural sites to treat pesticides onsite and prevent pesticide transport into water sources.

ACKNOWLEDGMENT
This project is funded by TUBITAK 2209-A program. Also, contribution of terbutryn by Ass. Prof. Dr. Emel
TOPUZ, beidellite by Prof. Dr. Salim ÖNCEL and support in UV-Vis Spectro analysis by Research Ass. Esra
Meşe ERDOĞAN are appreciated.

REFERENCES
[1].
[2].
[3].

Awad, A. M., Shaikh, S. M., Jalab, R., Gulied, M. H., Nasser, M. S., Benamor, A., & Adham, S. (2019). Adsorption
of organic pollutants by natural and modified clays: a comprehensive review. Separation and Purification
Technology, 228, 115719.
Pal, O. R., & Vanjara, A. K. (2001). Removal of malathion and butachlor from aqueous solution by clays and
organoclays. Separation and Purification Technology, 24(1-2), 167-172.
Celis, R., Trigo, C., Facenda, G., Hermosín, M. D. C., & Cornejo, J. (2007). Selective modification of clay minerals
for the adsorption of herbicides widely used in olive groves. Journal of agricultural and food chemistry, 55(16), 66506658.

127

Performance of Terbutryn Removal By Adsorption on HDTMA-Organoclay
Dilara Büşra Bartan , Eda Ceylan, Mustafa Dönmez, Derya Ayral Çinar

BIOGRAPHY
DİLARA B. BARTAN is final year undergraduate student at Gebze
Environmental Engineering Department.

Technical University

Bartan's dissertation titled "Determination of Effect of Polypropylene Microplastic on Nickel
Adsorption in Soil Environment" was supported by the Tubitak 2209-A project..
Bartan made a presentation at the 14th National 2nd International Congress of Environmental
Engineers with her study titled "Determination of Effect of Polypropylene Microplastic on Nickel
Adsorption in Soil Environment".
She may be contacted at dilara.bartan2016@gtu.edu.tr or dilarabartan95@gmail.com.

128

Adsorption of Divalent Heavy Metals onto
Hydrochar Derived from Lavandin:
Synergetic Effect and Related Surface
Modification
Sumeyra Seniha Baran1, Claire Lomenech1, Gregory Verger-Dubois2, Charlotte
Hurel1
Abstract
Lavandin hydrochar obtained by hydrothermal carbonization (HTC) of lavandin straw has been studied as
an eco-friendly and economical valorization route of residual biomass from cosmetic industry into
adsorbent. Modified hydrochar was obtained after HTC of lavandin at 180°C for 4 h followed by a
throughout alkaline washing. Adsorption of Ni(II), Cd(II) and Pb(II) onto hydrochar surface was conducted
as a function of initial metal concentration and pH in single and ternary systems. The metallic cations
concentrations were measured by ICP-OES. Langmuir and Freundlich isotherms were used for the
interpretation of adsorption isotherms as a function of initial concentration. The adsorption capacity
followed the order of Pb(II) > Cd(II) > Ni(II) in single and ternary systems. In the single systems, the
maximum sorption capacities of Ni(II), Cd(II) and Pb(II) obtained by the Langmuir model were 7.7, 16.7
and 50.0 mg g−1, respectively. In the ternary system, a strong competition between Ni(II), Cd(II) and Pb(II)
occurred at the hydrochar surface and adsorption capacities decreased compared to the one obtained for
the single systems. Lavandin hydrochar has significant potential as an alternative adsorbent towards heavy
metals removal from aqueous solution due to its easy and low-cost production.
Keywords: Hydrothermal carbonization, hydrochar, cosmetic industry residues, heavy metal removal,
competitive adsorption, wastewater treatment
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1. INTRODUCTION
Environmental pollution has always been a public concern. Metal-contaminated wastewater originating from
agricultural activities, industries and domestic sewage causes water pollution, which is an important
environmental problem. Heavy metals such as nickel, cadmium and lead in the wastewater threaten human
health and the ecosystem due to their toxicity, non-biodegradability and cumulative behavior [1]. Several
technologies such as chemical precipitation, ion-exchange, adsorption, membrane filtration, coagulation and
solvent extraction are used for removal of heavy metals from wastewater [2]. Among all, adsorption is very
effective and low-cost with flexible and simple operation design [3].
Hydrochar, a porous carbonaceous material produced by hydrothermal carbonization (HTC) of biomass, has
received increased attention as a low-cost adsorbent for the removal of heavy metals. Hydrothermal
carbonization is a process in which the biomass is carbonized in the presence of water at a moderate temperature
(180–250°C) under self-generated pressure (2–10 MPa) in a closed vessel [4]. HTC is more eco-friendly and
economical compared to pyrolysis, which is widely used in the valorization of biomass into adsorbent. Indeed,
while the HTC allows the processing of wet biomass, the pyrolysis requires costly pre-drying treatment [5]. To
be used as adsorbent, agricultural, forest, industrial and domestic waste and residues can be converted into
porous carbonaceous materials by HTC.
France is the capital of the beauty industries, and related industrial and agricultural activities are mainly
concentrated in the southeast region of France. Lavender and lavandin, the Lavandula genus, are major
components of the perfume and cosmetic industries and are cultivated mostly in Provence, France. Every year,
more than 1000 tons of Lavandula essential oil is produced locally by water steam distillation and 90% of the
world's production takes place in this region. Lavandin essential oil production is more attractive to the industry
due to its higher yield and lower price compared to lavender [6]. On the other hand, essential oil distillation
results in a large amount of solid residues. Consideration should be given for the valorization and reduction of
huge volumes of solid waste. Porous adsorbent production by HTC is a promising valorization route for waste
from the cosmetic and perfume industries.
The objective of this work is to evaluate the use of the adsorbent obtained by hydrothermal carbonization of
lavandin straw followed by alkali washing modification for single and ternary removal of heavy metals from
aqueous solution.

2. MATERIALS AND METHODS
2.1. Adsorbent Preparation
Lavandin was collected in the Alpes-Maritimes (France) and used as biomass source. The HTC of lavandin
was performed in a 600-mL sealed reactor (Series 4560 Mini Reactors, Parr Instrument Company) equipped
with stainless steel vessel, polytetrafluoroethylene (PTFE) flat gasket, and mechanical stirring device. A
constant initial solid/liquid ratio was chosen as 1:5. The HTC of lavandin was performed at 180°C for 4 h. The
slurry after the HTC reaction was filtered by pre-weighed filter paper; the solid phase was separated and dried
in an oven at 105°C until a constant mass was reached. Modification of hydrochar was performed by NaOH
washing. Afterwards, the sample was rinsed thoroughly with deionized water until stable pH was attained.
Following filtration, modified hydrochar was dried in the oven at 105°C. Adsorbent surface characterization
has been studied and presented in a previous paper [7].

2.2. Adsorption Experiments
Adsorption experiments were performed as function of initial metal concentration and pH. Ni(II), Cd(II) and
Pb(II) stock solutions with a concentration of 1000 mg L-1 were prepared by dissolving Ni(NO3)2.6H2O,
Cd(NO3)2.4H2O and Pb(NO3)2 in deionized water, respectively. 0.01 mol L-1 NaNO3 solution was used as
background electrolyte. Modified hydrochar was used as adsorbent and adsorbent dosage (m/v) was chosen as
1 g L-1. The effect of pH on Ni(II), Cd(II) and Pb(II) ions adsorption was studied in the pH range between 2
and 10 with the initial concentration of 10 mg L-1. The pH was adjusted by adding micro volumes of either 0.1
M NaOH or 0.1 M HCl. Metal precipitation was checked in the same conditions than the ones previously
described, without hydrochar. Ni(II), Cd(II) and Pb(II) precipitation occurred at pH superior to 8.5, 7.5 and 6.5,
respectively (data not shown). The Ni(II), Cd(II) and Pb(II) adsorption isotherms were conducted by agitation
for 24 h and using different initial metal concentrations between 1 and 100 mg L-1 at pH 6. In the ternary system,
the adsorption was carried out by following same procedure as the single system adsorption using the same
concentration ratio for Ni(II), Cd(II) and Pb(II). Aqueous Ni(II), Cd(II) and Pb(II) concentrations were
measured using inductively coupled plasma – optical emission spectroscopy (ICP-OES, PerkinElmer Optima
2000 DV).
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3. RESULTS AND DISCUSSION
Adsorption isotherms were used to obtain information about the adsorption mechanism and the interaction
between the adsorbent and the adsorbate. The sorption equilibrium data for the single metal systems were
modelled with Langmuir and Freundlich isotherms. The Langmuir isotherm describes the monolayer adsorption
onto homogeneous surfaces, while Freundlich isotherm describes the multilayer adsorption onto heterogeneous
surfaces. The Langmuir and Freundlich isotherms are expressed, respectively, as follows [8]:
!
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where qe (mg g ) is the amount of metal adsorbed at equilibrium per unit mass of adsorbent, qmax (mg g ) is
the maximum metal uptake per unit mass of adsorbent, Ce (mg L-1) is equilibrium concentration of the metal
ions in the solution. KL is Langmuir constant; KF and n are Freundlich constants, which correspond to the
adsorption capacity and intensity, respectively.
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Figure 1. Adsorption isotherms of (a): Ni(II), (b): Cd(II) and (c): Pb(II) in single and ternary systems

Figure 1 shows adsorption isotherms of Ni(II), Cd(II) and Pb(II) in single and ternary systems. The isotherms
data of Ni(II) and Pb(II) in the single system better fitted with the Langmuir model with correlation coefficient
(R2) of 0.96 and 0.97, respectively, which is higher than for the Freundlich isotherm model (R2: 0.93 and 0.90,
respectively). The isotherms data of Cd(II) in the single system fitted the Langmuir model (R2: 0.99) for low
metal concentrations and the Freundlich model (R2: 0.89) for high metal concentrations. In the single system,
the maximum sorption capacities (qmax) of Ni(II), Cd(II) and Pb(II) obtained by the Langmuir model were 7.7,
16.7 and 50.0 mg g−1, respectively. The adsorption capacities differed due to the diversity in the interactions
between the metal ions and the surface. Hydrochar surface had higher affinity for lead than nickel and cadmium.
Adsorption capacities were affected by the ionic radii of metal ions. Pb(II) has larger ionic radius than Cd(II)
and Ni(II). The ionic radii of Pb(II), Cd(II) and Ni(II) are 1.19, 0.97 and 0.69 Å, respectively. The larger ionic
radius can promote simultaneous binding to various functional groups and contributes to increasing adsorption
capacity [9]. In the ternary system, a strong competition between Ni(II), Cd(II) and Pb(II) occurred at the
hydrochar surface, Langmuir and Freundlich models were not adapted to describe this kind of system.
Maximum adsorption capacities for Ni(II) and Cd(II) strongly decreased while for Pb(II) it decreased in a lesser
extent compared to the one obtained for the single system. The adsorption capacity followed the order of Pb(II)
> Cd(II) > Ni(II) in single and ternary systems.

Figure 2. Effect of pH on removal of (a): Ni(II), (b): Cd(II) and (c): Pb(II) in single and ternary systems

The pH of the aqueous solution plays a major role in the adsorptive removal of heavy metals from aqueous
solution. Figure 2 illustrates the adsorption performance for Ni(II), Cd(II) and Pb(II) in single and ternary
systems in the case of increase of pH in the solution from 2 to 10. Heavy metal adsorption was directly pHdependent and metal ions showed similar tendency both in single and ternary systems under various pH
conditions. Until pH 4, protons in the solution competed with metal cations for the available adsorption site
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and adsorption was not efficient [10]. Adsorption increased with increasing pH starting from 4 up to 7. This
could be explained by the decrease of the surface charge with pH (data not shown) which becomes more and
more negative. Thus, the enhancement of the adsorption with pH would be consistent with an increase of the
electrostatic interactions between the positively charged metallic cations and the negative charge of the
hydrochar surface.

4. CONCLUSIONS
In this work, a novel lavandin-derived hydrochar adsorbent modified with NaOH was successfully prepared for
the removal of Ni(II), Cd(II) and Pb(II) from aqueous solution in single and ternary systems. Adsorption studies
showed that the removal efficiency of hydrochar followed the order of Pb(II) > Cd(II) > Ni(II). Maximum
adsorption capacities of Ni(II), Cd(II) and Pb(II) were 7.7, 16.7 and 50.0 mg g−1, respectively, in the single
systems. The Langmuir isotherm better fitted experimental data for Ni(II), Pb(II) and low concentrations of
Cd(II), while the Freundlich isotherm better fitted for high concentrations of Cd(II). The ternary system caused
competition between heavy metal ions and adsorption was decreased. Adsorption of Ni(II), Cd(II) and Pb(II)
was pH-dependent and the percentage of adsorption as a function of pH depicted a S-shape, with a negligible
adsorption at pH values inferior to 4, and a maximum adsorption at pH values superior to 7. Results of this
work show that lavandin hydrochar-based adsorbent can be used for single and multi-component adsorption of
heavy metals, especially Ni(II), Cd(II) and Pb(II), in water treatment and purification.
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Investigation of the Usability of the
Electrocoagulation Method in Malachite
Green Removal from Water Solution
Hudaverdi ARSLAN1, Kemal SALİCİ2, Melis GUN3, Mutlu YALVAC4
Abstract
In this study, the removal of Malachite Green dye in synthetically prepared aqueous solution by
electrocoagulation process was investigated. In the study, initial dye concentration, electrolyte amount,
mixing speed, current density, electrolysis time, pH value, and distance between electrodes parameters
that affect the removal efficiency of the electrocoagulation method were investigated. As a result of the
study, optimum parameters were found as initial dye concentration of 200 mg/L, electrolyte amount of
150 mg/L, stirring speed of 100 rpm, current density of 8 mA/cm2, pH 4.5 value, the distance between
electrodes 1 cm, and electrolysis time 20 min. 93.6% color removal efficiency and 37.5% COD removal
were obtained under optimum conditions..
Keywords: Electrocoagulation, Aluminium electrode, Malachite Green, Dyestuff, Wastewater.

1. INTRODUCTION
Negative changes in the chemical, physical, bacteriological, radioactive and ecological characteristics of the
water source are defined as water pollution. Water pollution occurs as a result of the discharge of substances
or energy wastes that will directly or indirectly cause preventive deterioration in biological resources, human
health, fisheries, water quality and the use of water for other purposes [1].
The textile industry is one of the longest and most complex industries in the manufacturing industry. The
textile industry consumes a large amount of water in its production processes. The wastewater generated as a
result of the textile industry is in the toxic class. These wastewaters, which can be in different colors
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according to the raw material used, spoil the natural appearance of the water environment and reduce the light
transmittance. The decrease in light transmittance and dissolved oxygen causes damage to aquatic organisms
and prevents the use of water resources [2].
The substances used to color the materials are called colorants. These substances are mainly divided into two
as dyestuff and pigment. Dyestuffs can be dissolved in the dyeing process. On the other hand, do not dissolve
in the substance to which they are transported.
Malachite green (MG) is one of the basic dyes and is widely used in the dye and textile industry. MG's
mixing with water and its high concentration in water cause serious problems for all living organisms,
including humans, due to its toxic, carcinogenic, and mutagenic factors. In particular, it shows biological
toxicities to humans and living things by consuming fish produced in Malachite green dyed or polluted water
and by causing irritating the gastrointestinal tract. Thus, the removal of these organic dyes will directly
benefit the environment and living things [3].
Many different methods are used in the treatment of dyestuffs. The toxic properties of dyestuffs and the high
content of organic substances resistant to biodegradation in textile wastewater limit the applicability of
biological methods [4]. In the treatment with the chemical coagulation/flocculation technique, this method
cannot be preferred as a treatment alternative because the sludge formation is higher compared to other
methods and because the dyestuffs are dissolved in the wastewater in the enterprises where the reactive
dyeing technique is used [5]. Chemical oxidation methods are widely used in the treatment of textile
wastewater and their color removal efficiency is high [5]. However, the potential for the formation of
substances known to be toxic as a result of oxidation reactions is high [6].
Towards the end of the 20th century, a process called electrocoagulation was developed. This process consists
of anode material, cathode material, a conductive liquid power supply components in a reactor [7].
This study, it is aimed to investigate an alternative method for the treatment of wastewater containing
dyestuffs. In this context, the removal of Malachite Green dyestuff by electrocoagulation method was
investigated and optimum values were determined for initial dyestuff concentration, mixing speed, pH
optimization, electrolyte concentration, electrolysis time, current density, and distance between electrodes.

2. MATERIALS AND METHODS
2.1. Materials
Malachite green dyestuff, whose properties are given in Table 1, was obtained from Sigma Aldrich. In the
study, AA TECH ADC-3303D brand power supply, Edmünd Bühler GmbH brand mixer and aluminum
electrodes with 50 x 70 x 2 mm dimensions and 30 cm2 active surface area were used. Hack DR-3900 brand
spectrophotometer was used to find the dyestuff removal.
Table 1. Properties of Malachite Green Dye
Molecule Formula

C23H25CIN2

Molecular Weight (g/mol)

364.9

Wavelength (λ)

617 nm

2.2. Methods
In the studies, color removal from the aqueous solution prepared in the laboratory with the dyestuff was
investigated by the electrocoagulation process. The prepared 2500 mg/L stock solution was stored under cold
and dark conditions and diluted with distilled water to bring it to the desired concentration.
The dyestuff prepared at the desired concentrations in the experiments was added to the 600 ml beakers
against the risk of overflow by using 250 ml volume and put into the system. Then, the variables of dyestuff
concentration, electrolyte amount, current density, pH, mixing speed, the distance between electrodes, and
electrolysis time were investigated to find the optimum conditions.
Two electrodes, 1 anode and 1 cathode, were used in the monopolar connected state inside the reactor. The
distance between the electrodes was adjusted to 1 cm until the optimum value was found.
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In the experiments, 0.1 M HCl and 0.1 M NaOH chemicals were used to adjust the pH value. The electrodes
were kept in the cleaning solution for 10 minutes before the experiments and after being washed with distilled
water, they were dried and made ready for weighing and the next experiment.
During the experiment, 5 ml samples were taken from the system and the samples were subjected to
centrifugation at 6000 rpm for 5 minutes and analyzed in a spectrophotometer at 617 nm.

2.3. Equations Used in Calculations
In Table 2, the equations of the calculations made as a result of this study and the explanations of the
parameters applied when using these equations are given.
Table 2. Equations Used in Calculations
Calculated Parameter

Equation

Current Density
Dyestuff Removal
Mole Amount of
Substance to Precipitate

!=

#
2 × '

()*+,-.. /*01234 (%) =
0=

Theoretical Amount of
Dissolution at the Anode
Electrode

A!"# = m × (A$ )

Current Efficiency

C=

Total amount of dissolved
aluminum (MT)

A!
A!"#

A" = A! + A%

Energy Consumption
Value

E=

Energy Consumption

Chemical Oxygen Demand

#>,
?>@

(80 − 8t)
<100
80

F×#×,
2

CG = F × # × ,

8H( (0I J)=

(!'()*+*,--./012# (02)

Parameters to use
• J : Current density ( mA/cm2 )
• I : Current intensity (mA)
• S : Electrode area
• C0 : Initial dyestuff concentration
• CT : Dye concentration at time T
• I : Current Intensity (Amps)
• t : Time (sec)
• n : Ion charge (+3 will be taken for
aluminum)
• F : Faraday constant (96485 0C mol-1)
• A!"# : Theoretical Amount of
Dissolution at the Anode Electrode
• MW : Molecular weight
• E : Current Efficiency
• MA : The amount of dissolution in the
anode electrode material in the
experiment (g)
• MK : The amount of dissolution in the
cathode electrode in practice (g)
• W : Energy Consumption Value
(kW.hour/m3)
• V : Potential Difference Occurring in
the System
• I : Applied Current Intensity
• T : time (hour)
• v : Total Solution Volume in the
Reactor
• Energy Consumption (Ec)
• V: potential difference (volts)
• I: Current flowing through the circuit
(ampere)
• t: Process time (hours)
• A: Iron Ammonium Sulphate
consumption of the blind (mL)
• B: Iron ammonium sulfate
consumption of the sample (mL)
• N: Normality of Iron Ammonium
Sulphate Solution (N)

3. RESULTS AND DISCUSSION
3.1. Optimization Parameters
3.1.1. Initial Dye Concentration
In the electrocoagulation process working with aluminum electrodes, solutions with concentrations of 50,
100, 150, 200 and 250 mg/L were prepared and their removal efficiencies were investigated in order to
determine the optimum concentration in the aqueous solution containing the dyestuff. Other parameters in the
process; The amount of electrolyte was 100 mg/L, stirring speed was 100 rpm, current density was 6
mA/cm2, the distance between the electrodes was 1 cm, the electrolysis time was 30 minutes and the original
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pH was used. As the concentration value increased, the removal efficiency decreased from 99.88% to
76.88%, and it was observed that the required time for removal was prolonged. At the beginning of the study,
it was observed that the removal efficiency of wastewater with high concentrations was lower compared to
the studies with low dye concentrations. When Figure 1 is examined, since electricity consumption is taken
into account in terms of treatment cost, it is determined as 200 mg/L with less energy. Figure 2 shows the
effect of initial concentration on color removal efficiency and energy consumption.

Figure 1. Results of color removal efficiency versus time with Al electrode at different initial concentrations (Csalt=100
mg/L, 100 rpm, J=6 mA/cm2, original pH, Electrodes Distance=1 cm, t=30 min)

Figure 2. Effect of initial concentration on color removal efficiency and energy consumption (Csalt=100 mg/L, 100 rpm,
J=6 mA/cm2, original pH, Electrodes Distance=1 cm, t=30 min)

3.1.2. Electrolyte Amount
The pollutant removal efficiency and operating cost are related to the conductivity of the solution. The
conductivity of the solution is adjusted by adding salts such as sodium chloride and sodium sulfate to the
wastewater with low conductivity [8]. After the initial dyestuff concentration was determined as 200 mg/L,
the amount of electrolyte was determined. In order to determine the optimum amount of electrolyte, NaCl
concentrations of 50, 100, 150, 200 and 250 mg/L were added to the solution and their removal efficiencies
were investigated. It was observed that as the amount of NaCl increased, the removal efficiencies increased
from 69.5% to 93.5%. As the amount of added NaCl increased, the solution conductivity also increased, and
accordingly, the voltage value decreased. As the voltage value decreased, the required energy amount also
decreased. It was observed that the energy consumption value for kilogram pollutant amount decreased from
35.9 to 3.69 kWh/kg as the amount of electrode increased. When the kilogram pollutant amount and removal
graph were examined, it was seen that the optimum NaCl amount was 150 mg/L and the removal efficiency
was 88.05%. In the study, the amount of electrolyte was determined as 0.15 g/L. Higher removal was
achieved with less amount of NaCl. Figure 3 shows the effect of electrolyte concentration on color removal
efficiency and energy consumption.
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Figure 3. Effect of electrolyte concentration on color removal efficiency and energy consumption (C0=200 mg/L, 100 rpm,
J=6 mA/cm2, original pH, Electrodes Distance =1 cm, t=30 min)

3.1.3. Mixing Speed
Stirring prevents the formation of a concentration gradient from the electrocoagulation cell and increases the
velocity of the ions in the cell. As the mixing speed increases, the pollutant removal efficiency increases.
After the amount of electrolyte was determined, the mixing speed was determined. In order to determine the
optimum mixing speed, the mixer 100, 150, 200, 250 and 300 rpm values were set on the magnetic stirrer. It
was observed that the removal efficiency decreased as the mixing speed increased. Increasing the mixing
speed requires extra energy. In Figure 4, the effect of the change in mixing speed on the color removal
efficiency and energy consumption is given. When Figure 4 is examined, it is seen that the removal efficiency
decreases when the mixing speed is increased. The optimum mixing speed was determined as 100 rpm.

Figure 4. The effect of change in mixing speed on color removal efficiency and energy consumption (C0=200 mg/L,
Csalt=150 mg/L, J=6 mA/cm2, original pH, Electrodes Distance =1 cm, t=30 min)

3.1.4. Current Density
Current density affects electrocoagulation efficiency, coagulation rate, bubble generation rate and size. The
anodic dissolution rate increases with the increase in current density. In this way, the number of metal
hydroxide clumps increases, increasing the pollutant removal efficiency [8]. It is one of the most important
parameters that directly affect the removal efficiency in the electrocoagulation process. After the mixing
speed was determined, the current density was determined. 2, 4, 6, 8 and 10 mA/cm2 are set on a digital
power supply to determine the optimum current density. It was observed that the removal efficiency increased
as the current density increased. As the current density increases, the amount of energy required also
increases. As seen in Figure 5, it has been observed that the difference between the applied current density
and the removal efficiency does not increase much as it approaches the highest value. Since the removal
values between 10 mA/cm2 and 8 mA/cm2 are close to each other, 8 mA/cm2 was determined as the optimum
current density.
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Figure 5. The effect of current density on color removal and energy consumption(C0=200 mg/L, Csalt=150 mg/L, 100 rpm,
original pH, Electrodes Distance =1 cm, t=30 min)

3.1.5. pH Effect
pH is an important factor as it directly affects the reactions taking place in the electrocoagulation process. It is
important both because of the formation of hydroxyl radicals at the cathode and the presence of metal
hydroxides at the anode. After the current density was determined, the pH value was determined. In order to
find the optimum pH value, solutions of 2.5 -4.5 -6.5-8.5 were prepared. It was observed that the difference
between pH value and removal efficiency did not increase much as it approached the highest value. At the
end of 20 minutes, when the pH value was 4.5 and 6.5, the removal efficiency was found to be 98.28% and
96.95%. The optimum pH value was determined as 4.5. It has been observed that pH changes do not directly
affect the processing time. The effect of pH change on color removal and energy consumption is given in
Figure 6.

Figure 6. The effect of pH change on color removal and energy consumption (C0=200 mg/L, Csalt=150 mg/L, 100 rpm, J=8
mA/cm2, Electrodes Distance =1 cm, t=30 min)

3.1.6. Distance Between Electrodes
Here, the effect of the distance between the electrodes on the removal efficiency was investigated. In order to
find the most suitable distance between the electrodes, the effect on the removal efficiency was examined by
opening 1-1.5-2 cm between the electrodes. It was observed that the removal efficiency decreased when the
distance between the electrodes was increased. It was observed that the energy consumption increased when
the distance between the electrodes was increased. When looking at the time-dependent removal graph, it was
seen that the highest yield was obtained in the 1 cm range. In Figure 7, the effect of the distance between the
electrodes on color removal and the energy consumption is given.
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Figure 7. The effect of the distance difference between the electrodes on color removal and energy consumption (C0=200
mg/L, Csalt=150 mg/L, 100 rpm, J=8 mA/cm2, original pH, t=30 min)

3.1.7. Electrolysis Time
If the electrolysis time changes, the amount of ions and hydroxide flocs produced change. In order to
determine the optimum electrolysis time, the results of the previous experiments were evaluated. When
evaluated together with other optimum parameters in the process, the optimum time was found to be 20
minutes. It was observed that the removal efficiency increased as the electrolysis time increased (Figure 8). It
has been observed that the removal is reduced if the electrolysis time is extended more than necessary.

Figure 8. The effect of electrolysis time on color removal (C0=200 mg/L, Csalt=150 mg/L, 100 rpm, J=8 mA/cm2, original
pH, Electrodes Distance =1 cm)

3.2. Calculations Based on Optimum Values
In Table 3, the results of the calculations made according to the optimum values of the study and in Table 4,
the results of the analysis made under the optimum conditions are given.
Table 3. Calculation results according to optimum values
Parameter
Results
Current Density (J)

8 mA/cm2

Current Efficiency (E)

0,80

Total Dissolved Aluminum Amount (MT)

0,0431 g

Energy Consumption (W)

10,58 kW.saat/m3

Electricity Cost

5,22 TL/m3

NaCI Cost

0,594 TL/m3

Aluminum Cost

5,405 TL/m3

Chemical Cost

0,594 TL/m3
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Table 4. Analysis Results at Optimum Conditions

Temperature 0C
pH
Conductivity (µS)/cm
COD (mg/L)
Color (Pt-Co)

Initial
21
4,40
1728
2561
3500

Final
29
6,17
614
1604
260

4. COMPARE OTHER STUDIES
Table 5 shows what some other researchers have done before; optimum conditions of dye solution removal
from aqueous solutions by electrocoagulation are given.
Tablo 5. Compare with other studies
DyeStuff

Parameters

Electrode

Dye Stuff Removal

References

Remazol
Brillant Blue

Dyestuff Concentration:
100 mg/L,
Current Density:1 A/m2,
Electrolysis time: 20 min

Al

%98.1

[9]

Al

%99.6-98.2
%96.8-99.4

[10]

Fe

%91.5-98.4

[8]

Al

%94

[11]

Al

%96.4

[5]

Al

%98

[12]
[13]

Remazol
Brillant Blue

Procion Yellow
H-EXL

Metilen Blue

Reaktif Yellow
160

Direct Red 23
Basic Blue
Malachite
Green

Malachite
Green

Malachite
Green

140

Dyestuff Concentration:
50-200 mg/L,
Current Density:
0,5-5 A/m2
Dyestuff Concentration:
500 mg/L,
Elekcrolide concentration:
6,5 mg/L,
Current Density:
7 mA/ cm2
Dyestuff Concentration:
100 mg/L,
Current Power: 20 A
Current Density:
100 A/ m2
Electrolysis time: 10 min
Dyestuff Concentration:
100 mg/L,
Current Density:
0,1 mA/cm2
Mixing Speed:150 rpm
Current Density:
333 A/m2
pH 8
Dyestuff Concentration:
150 mg/L,
Electrolysis time: 20 min pH
8
Dyestuff Concentration:
100 mg/L,
Current Density:
76,5 A/m2
pH 8
Electrolysis time: 30 min

Al

%97

Paslanmaz
Çelik

%99,5

Al-Fe

%99.9

[15]

Dyestuff Concentration:
200 mg/L
Current Density: 8 mA/cm2
Electrolysis time: 20 min

Al

%94.5

This Study

[14]
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5. CONCLUSIONS
In this study, the effects of electrocoagulation process operating parameters on color removal were
investigated. Optimum conditions in the process; The initial dyestuff concentration was 200 mg/L, the
electrolyte amount was 150 mg/L, the stirring speed was 100 rpm, the current density was 8 mA/cm2, the pH
was 4.5, the distance between the electrodes was 1 cm, and the electrolysis time was 20 minutes. During the
studies, it was observed that color removal increased over time. It was observed that the color removal
efficiency decreased when the initial dyestuff concentration was increased. It was observed that the amount of
dissolution from the anode increased when the current density was increased. It was observed that the
required power amount decreased when the amount of electrolyte added to increase the conductivity was
increased. As a result of increasing the current too much, the water temperature increased after the paint was
removed.
In this study, 93.6% removal efficiency and 37.5% COD removal efficiency were achieved after 20 minutes
in the removal of malachite green dyestuff in an aqueous solution by electrocoagulation method under
optimum conditions. Color measurement was made from the Pt-Co unit under optimum conditions and 92.5%
removal efficiency was observed.
The necessary consumption calculated in the examination of the treatability of synthetic wastewater prepared
with malachite green dyestuff was calculated according to the unit energy price of January 2021, and the
energy cost to treat 1 m3 of wastewater was found to be 11.22 TL/m3. The electrocoagulation process has
succeeded in providing a high rate of color removal in wastewater containing dyestuffs, but it has been found
to be insufficient in COD removal. It should be used together with other treatment processes in wastewater
with high COD value.
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Study of the Discoloration of Organic
Pollutant “Basic Fuchsin” Using an Advanced
Oxidation Process
Naima Habache 1, Ouahiba Bechiri 2

Abstract
The main objective of this work is to study the effect of different operating parameters (persulfate
concentration and temperature) on the efficiency of the elimination of a toxic dye "Basic Fuchsin" using
thermal activation persulfate.
The study clearly shows that 94.15% of basic Fuchsin can be eliminated by the use of persulfate at a
concentration of 4.4 mM and at a temperature equal to 50°C, under the following operating conditions:
the time of oxidation = 60 min, initial pH = 6, the concentration of pollutant = 10 ppm and the stirring
speed equal to 300 rpm.
Through this study, it can be deduced that the oxidation of organic pollutants by the thermal activation of
the persulfate is a simple and effective method for the depollution of waste textile water.
Keywords: Basic Fuchsin, Thermal Activation, Persulfate, Toxic Dye, Waste Textile Water.

1. INTRODUCTION
Advanced oxidation processes (AOPs) have been widely used in wastewater treatment and soil/groundwater
remediation. Particularly, sulfate radical (SO4 •− ) based AOPs have received increasing attention. This is
because persulfate (PS, the source of SO4 •−) is more stable than other oxidants such as ozone and has a higher
oxidation ability after being activated. Generally, persulfate can be activated by various methods, including
ultrasound, heat, ultraviolet energy, alkaline, transition metals and some natural organic compounds [1].
Thermally activated persulfate has been demonstrated to be able to decompose many contaminants in aqueous
systems, including chlorinated methanes, ethanes and ethenes [2-5].
The present research was conducted to study the feasibility of using Heat-activated PS (HAP) to remove BF
from aqueous solution. to survey the effect of various operational parameters, such as initial PS concentration,
solution pH and temperature, on the discoloration efficiency of Basic Fuchsin (BF) .
1
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2. CHEMICALS
Basic Fuchsin (BF), NaOH and H2SO4 (analytical grade) were purchased from VWR CHEMICAL.
Ammonium persulfate (NH4S2O8, 99.0%) was obtained from BIOCHEM. The stock dye solution (1000 mg/L)
was prepared by dissolving 0.1 g of Basic Fuchsin in 1 L of distilled water. The desired dye concentration was
provided with dilution of stock solution by distilled water.

3. EXPERIMENT
The decolorization Basic Fuchsin by persulfate radicals were done through addition of potassium persulfate to
100 mL of the dye solution (10 mg/L) into a batch reactor (500 ml) with a magnetic stirrer. Various doses of
persulfate (0.44 mM – 4.4 mM ) were poured into the reactor after solution pH adjustment (3–10). To activate
the persulfate radicals of the solutions, an experimental hot plate stirrer raised the solutions to the desired
temperatures (25°C-50°C). The samples were finally taken and analyzed such as the above. The degradation
process of BF is based on the decrease in absorbance (A) at a maximum wave-length (λmax = 547 nm) of the
BF measured using UV-Vis spectrophotometer (SECOMAN-UviLine9400). The following equation was used
to obtain the discoloration efficiency.
!" =

%!" %$
∙ 100
%!

(1)

4. RESULTS AND DISCUSSION
4.1. Effect of persulfate concentration

DE (%)

In this research, we also examined the effect of different initial concentrations of PS on BF removal (Fig. 1).
According to Fig. 1, the increase in the initial concentration of PS showed a significant impact on the BF
discoloration efficiency. As can be seen in Fig. 1, the removal of BF was enhanced through increasing the PS
initial concentration, where a discoloration efficiency of 86.3 percent for BF was obtained at a reaction time of
60 min at [PS] = 4.4 mM. Increasing the removal efficiency of BF with increasing concentration of PS may be
attributed to the higher production of +%". . The produced sulfate radicals decompose the BF molecules through
hydrogen abstraction, contributing to double bonds and electron transfer [6].
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Fig 1 . Effect of persulfate concentration on the discoloration efficiency of FB
( pH = 6, [ BF] = 10 mg/L , T = 35 °C ) .

4.2. Effect of solution pH
The effect of pH on the BF decomposition was investigated in the pH of 3-10. The results (Fig. 2) indicate that
the discoloration efficiency of the process highly depends on pH. In this regard, the highest removal efficiency
of BF (86.3 percent) was observed at pH = 6; however, removal of BF decreased at lower and higher pH levels.
As can be seen in Fig. 2, the removal percentages at pH 3 and 10 were obtained 43.7 and 33.86 percent at 60
min, respectively.The type and rate of the produced radicals are among the important effects of pH changes on
advanced oxidation processes [7] (Rahim Pouran et al., 2014). According to a study conducted by Liang et al.
at a pH close to neutral, the radical ,+%". is dominant, at pH 9, both radicals of ,+%". and +-. are presented, and
in alkaline pH and the pH close to 12, the dominant radical is +-. (Su, 2009) [8].
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Fig 2 . Effect of solution pH on the discoloration efficiency of BF
( [PS] = 4.4 mM , [BF]= 10 mg/L and T = 35 °C ).

4.3. Effect of temperature
Heat activation is an important factor for initializing BF oxidation process through producing and +-. radicals.
For this reason, the effect of temperatures on BF decomposition was surveyed at 25 , 35, 45 and 50 °C; besides,
according to the obtained results (Fig. 3), the increase in temperature enhances the BF discoloration efficiency.
The results implied that at reaction time 60 min, by increasing the temperature from 25 to 50 °C, BF
discoloration efficiency increases from 61.43 to 94.15 percent. The concentrations of ,+%". and +-. are
indirectly intensified through temperature increase, which causes a rapid BF decomposition [9].
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Fig 3. Effect of temperature on the discoloration efficiency of BF
( [PS] = 4.4 mM , [BF ]= 10 mg/L and pH = 6 ).

5. CONCLUSION
In the current survey, BF was decomposed through heat-activation of PS. The results indicated that the
discoloration efficiency of BF depends on parameters such as pH, the initial concentration of PS, and the
activation temperature. An increase in temperature and initial concentration of PS had a positive effect on
discoloration efficiency. On the other hand, a high pH had an adverse effect on BF decomposition. We found
that at a concentration of 4.4 mM of PS, about 94.15 percent of BF is decomposed. A pH of 6 was determined
as the best for removing the investigated pollutant. In addition, a rise in temperature from 25 °C to 50 °C
increased the removal efficiency of BF from 61.43 to 94.15 percent. Based on the obtained results from the
current study we conclude that the use of HAP oxidation process is a suitable method to remove BF from
aqueous solutions.
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Role and Design of Sustainable Landfilling as
Final Sink in Circular Economy Cycle
Raffaello Cossu1, Valentına Grossule, Marıa Crıstına. Lavagnolo
Abstract
With the establishment of the concept of Circular Economy (CE) as new driving principle in waste
management, measures intended to support the whole cycle have been introduced in several national
regulations in Europe and in different other counties.. What in general is completely missing is the role of
landfilling as a final sink for the residual waste and for the associated contaminants. In line with the
concept of Back to Earth Alternatives (BEA), closing the loop in circular economy has to be achieved by
returning back to the soil the residues, taking care that potential polluting elements are in a non-mobile
form, as they were in the fossile resources when they were mobilised for the production of goods. The
sustainable landfill has the ambitious goal to implement the BEA concept in a time frame of less than one
generation, adopting all measures (before and after waste disposal) required in order to guarantee waste
stability and immobilisation of contaminants. By achieving a Final Storage Quality (FSQ) in equilibrium
with the environment, active control is no longer required. The combination of both pretreatment and in
situ treatment should be properly designed in view of the sustainable landfilling. In the paper, the role of
sustainable landfilling in CE is discussed and the design criteria for achieving the Final Storage Quality
are
Keywords: Final storage quality, waste pretreatment, back to earth alternativies, closing the loop

1. THE MODERN ROLE OF LANDFILLING IN CE
The current policy for waste management in Europe and in several other counties, is based on the concept of
Circular Economy, intended as a global strategy consisting in a set of actions aimed at maintaining the value
of the products over a longer period, saving no-renewable resources and minimising waste generation.
Measures intended to support the whole CE cycle have been introduced in national regulations, but what is
completely missing in the strategic vision is the role of landfilling in closing the material loop. On the
contrary, while landfilling is progressively banished as an obsolete, hazardous and polluting system the
significant emphasis placed on separate collection and recycling is perceived by politicians and citizens as the
definitive solution for any waste disposal problem.
This emphasis has resulted in the underestimation of a series of aspects that are currently emerging quite
dramatically (Cossu et al., 2020a):
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•

not all wastes can be recycled and those which are cannot be recirculated endlessly, with
unavoidable residues produced by the recycling activities;

•

hazardous substances contained in the original products accumulate in the residues and in the
recycled materials posing risks for human health during their use and for the environment during
final disposal;

•

the market instability does not assure the continuous allocation of recycled material.

In order to achieve the ambitious goal of closing the loop in the circular economy, the management of
residues from production and recycling processes should properly addressed. The fundamental role of
landfilling is to provide a final sink to residual waste; giving back to the earth, as occurs in any natural
biogeochemical cycle, what would otherwise be dispersed in air water and soil, increasing the diffused
pollution (Figure 1).
The concept of Back to Earth Alternatives (BEA) is thus introduced, implying that the residues, after proper
treatment, should be returned to their non-mobile state, as they were before they were extracted from the The
Sustainable landfill
A landfill is considered sustainable when, the emission quality achieved in a generation time (30 years) does
not have any significant environmental impact, achieving a final storage quality in equilibrium with the
surrounding environment, so an active control is no longer required.
Accordingly, the landfill should be designed and developed in line with the principle of environmental
sustainability, adopting all measures required to control the waste stability and immobilisation of
contaminants (Grossule and Stegmann, 2020), such as (Cossu et al., 2020b):
•

minimization of the quantities of contaminants to be landfilled and of their potential emissions by
means of specific pre-treatments;

•

maximisation of the controlled removal of mobile contaminants, by means of biogas and leachate
generation and extraction;

•

maximisation of waste stabilisation by means of in situ treatments;

•

use of physical barriers to control and remove mobile contaminants (bottom liner, drainage,
emissions collection, etc.,).

The target FSQ should be fixed a priori, and the designing of the landfill and all required measures should be
based on the achievement of the target FSQ within one generation time. At the end of the aftercare and once
the target FSQ has been achieved, the uncontrolled emissions from landfill should not be necessarily zero, but
compatible with the surrounding environment and its self-cleaning capacity (Cossu et al., 2020b).
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Figure 1. A. Carbon cycle; B. Cycle of materials and energy, from production to waste management (Modified from Cossu
et al., 2020b) POF= Putrescible Organic Fraction, BEA=Back to Earth Alternatives.

2. THE ROLE OF PRE-TREATMENTS AND IN-SITU TREATMENTS
Contaminants in waste are essentially contained in two forms: mobile and non-mobile. The mobile fractions
are those which, transforming and passing from one phase to another, can distribute and accumulate in the
environment creating a risk of diffuse pollution, depending on their concentration and characteristics and on
the characteristics of the receiving environmental compartment (surface water or underground, soil,
atmosphere).
In line with the concept of BEA, waste has to be treated to reduce the mobile fraction.
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The main treatments of interest in view of the landfill sustainability and their specific role is summarized in
Table 1. The choice of the measure to be adopted and the expected effectiveness depend on the type and
characteristics of the waste such as putrescibility, calorific value, leaching of contaminants.
Table 1. Unit operations and their role in the pretreatment and in situ treatment of waste, categorized according to the
process type.
PROCESS

PHYSICAL

(off/on site)

UNIT OPERATION

ROLE

•

Shredding

•

Preparation to stabilisation

•

Size separation (sieving)

•

Baling

•

Anaerobic digestion

•

Biological stabilisation

•

Aerobic stabilisation

•

•

Composting

Valorisation
(methane,
hydrogen, RDF, compost)

•

Leachate recirculation

•

Biological stabilisation

•

Forced aeration

•

Convective natural aeration

•

Combustion

•

Reduction of waste volume

•

Pyrolysis

•

•

Gasification

Destruction
contaminants

•

Biological stabilisation

•

Cold inertisation (geopolymers,
hydraulic binders, ecc.)

•

Stabilisation
contaminants

•

Thermal
inertisation
(vitrification, fusion, ecc.)

•

Valorisation
(reuse
inertised waste)

•

Washing (with
leaching agents)

•

Contaminants removal

•

Reduction
potential

BIOLOGICAL
(in situ)

THERMAL

CHEMICAL-PHYSICAL

(off/on site)

PHYSICALCHEMICAL
(in situ)

or

without

of

of

of

organic

inorganic

emission

•

Wetting

•

Contaminants removal

•

Watering

•

•

Flushing

Reduction
potential

•

Control
of
stabilisation

of

of

emission
biological

3. CONCLUSIONS
Although landfilling continues to play a fundamental role in CE, it is considered as an obsolete system to be
abandoned and nothing is done on a regulatory level to promote sustainability of the system, allowing the
same to act as a virtuous sink for closing the material loop and for immobilising the contaminants contained
in the residual CE waste. The term “sustainability” and the need to keep under strict control the long term
impact landfilling has not been introduced in any national regulation.
The implementation of sustainable landfilling needs a concrete proper design where all the measures to
achieve the sustainability target are detailed.
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Monitoring Solid Waste Management Using
Geographic Information Systems (GIS) and
Global Positioning Systems (GPS): Study
Area of Sheikh Saad, Wasit, Iraq
Jabbar Idan Al-badri1*, Shazwin Mat Taib1*, Mohd Badruddin Yusof1,
Norasikin Saman1
Abstract
Solid waste management systems receive wide attention from both economic and environmental planners
because of its complexity and need coordination of various management strategies. Waste collection and
transportation expenditures appear to play the most important roles in solid waste management,
accounting for 50–80% of the overall solid waste management budget. Integrating Geographic
Information Systems (GIS) and Global Positioning Systems (GPS) has been widely adopted in many cities
around the world in order to improve waste collection and transportation. In this study, the GIS and GPS
tools are used to maximize collection routing and minimize the overall cost of collection and
transportation of solid waste in the city of Sheikh Saad in Wasit, Iraq. The actual solid waste collection
and waste transportation in the state were evaluated as baseline. It found that the total current routes
length of whole city 127.534 km and the total current collection duration of the routes take 1045 minutes
to complete. Results from applying ArcGIS Network Analyst successfully suggesting 8.4% reduction of
routes travel distance with up to 15.5% reduction of travel duration .The total length of the proposed
routes was 117.685 km and the total time of the proposed routes was 905 minutes, a reduction of 9.849
km and 140 minutes. This reduction further benefits the fuel usage by 15% saving the quantity of gasoline
up to 260 liters per month, compared to the current practice. These total saving, if implemented, will
improve human resources that equivalent to the salaries of one group of employees, who work on one
vehicle: a driver, three employees, and a work supervisor. Based on the results, the application of GIS
and GPS in solid waste collection optimization and waste disposal planning can improve overall solid
waste operation, human resources and financial management.
Keywords: Geographic Information Systems (GIS); Global Positioning Systems (GPS); Solid waste
management (SWM); solid waste monitoring; waste collection; waste transportation;

1. INTRODUCTION
Throughout history, civilization has generated a great deal of solid waste. Proper solid waste management
(SWM) system is needed to protect environment and …….. Without proper SWM system in the town
* Corresponding author:. gggg4115@gmail.com , shazwin@utm.my
1 School of Civil Engineering, Universiti Teknologi Malaysia, 81310 UTM Skudai, Johor Bahru, Johor Malaysia
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planning, wastes will be accumulated at the streets and alleys for a long time leads to the gathering of flies
and the issuance of fetid odors as a result of the decomposition of organic matter. Volume, weight, and
density of solid waste are differed from each country as its depend on geographical considerations such as the
country's location, environment, and climate conditions, and economical situations.
2016, the world produced around 2.01x109 tons of solid waste. According to the World Bank, the amount will
increased to be around 2.59x109 tons in 2030 and 3.40x109 tons in 2050 [1]. Solid waste collection can be a
difficult task, especially because some difficulties emerge on the surface, like throwing waste outside of the
right positions due to improper placement of dustbins, long distances between collection points and the
houses, and insufficient distribution. Furthermore, inappropriate placement of bins and collection routes
impedes and affects the effectiveness of solid waste collection and transportation operations [2]. This issue
worsens in poor nations with strong population growth, such as Iraq.
According to the Iraqi Ministry of Planning, the average amount of waste generated per person in the year
2019 was 1.4 kilograms per day, and the total amount of normal waste raised was 10.6 million tons per year.
Waste disposal methods used by Iraqi families are 53% of waste is collected by the municipality for disposal
in an open landfill, 25% of waste is thrown outside the home left uncollected, 8% of waste is placed in
designated containers for disposal in the landfills, and only remaining 13% of waste is incinerated.
There is a lack of an effective management plan for the transfer of solid waste to landfill sites. The current
waste collection system, which is based solely on human labour, has led to a significant waste of labour and
time. Thus, it is critical to improve solid waste collection paths in urban areas since a substantial period of
time is wasted on loading and unloading activities as well as driving of the vehicles. In addition, improving
collection services still relies on collection crews' awareness of local circumstances such as one-way roads
and highway construction.
Therefore, GIS has been used to solve vehicle routing issues that will increases solid waste collection and
guarantees the efficiency and effectiveness of waste management system. GIS also creates routes that are both
cost-effective and shorten the routing distance [3]. GIS application and technologies is proven by many
studies in reducing environmental risk and human health issues regarding the management of solid waste.
Truck travel distances are reduced from 9.9% to 71.8 % [4-9]. The collection time also reported to reduce
from 14.3% to 62.0% [7][9]. By integrating GIS-based technologies with ArcGIS Network Analyst tool
optimum scenarios can be created aiming to increase the effectiveness of waste collection and transportation
and ultimately improve the collection, transportation, picking suitable sites for disposal, and maximizing
routes of solid waste [10-13]. In addition, by choosing the most energy-efficient routes is proven to reduce the
fuel consumption and overall expenditure [14-22]. According Jovicic et al. [14], by doing optimization on
municipal vehicle route, the travel route can be reduced up to 2700 km per year and total expenditure savings
could be 20%. Bhambulkar and Khedikar [19] found that using route optimization for the collection of MSW,
led to a 14% cost reduction. Siddam et al., [20] found that utilizing the Network Analyst addon increased
collection efficiency and reduces solid waste management costs by 50%. Kinobe et al [21] used the
collection system to utilize GIS capabilities to reduce collection times, trips, and travel lengths, resulting in
significant cost savings. Ristić et al [22] utilized a 3D road network to optimize collection and transportation
of solid waste routes. They found the technique is able to improve waste collection and transportation and the
fuel consumption can be save up to 60% to 80%.
Since the GIS application have many advantages in solid waste management and operation and due to needs
to improve solid waste collection system in Iraq, this study was carried out as it is one of the few kinds of
research on the issue of waste management at the level of Wasit Governorate in particular and Iraq in general.
This study was carried out to optimize the routing network used for waste collection and transportation and to
evaluate the implementation of operation scenarios. The study will be carried out at the Sheikh Saad
Municipality, which can be considered a representative sample of most of the municipalities at the level of
Iraq, is a case that deserves practical attention. However, only focused on waste collection limited to region
of Wasit, Sheikh Saad. Due to financial and time limitation, as the work requires the purchase of GPS devices
for all vehicles, only one device was used in the different zones. To evaluate the implementation of operation
scenarios for the routes of waste vehicles, one type of container with a volume of 1100 liters was registered.
Due to the small number of containers, a case study implementation was conducted in one zone area.

2. MATERIALS AND METHODS
2.1. Data Collection
In this research geographic information systems (GIS) have been employed to deal with waste management in
various settings. A comparison between the current route and the routes obtained from the GIS system was
carried out, which was based on the constraints of time (traveling time) and distance (traveling distance).
Figure 1 shows the conceptual model that highlights the methods used in this work.
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Figure 1. A conceptual model.

A big number of waste collection data for the town was compiled in order to be statistically analysed. The
information needed includes population density, the solid waste rate for waste and specific waste streams,
number of bins in each location, type of bins, locations of waste bins, road network and related traffic, current
collection vehicle routing system; and truck capacities. Geographical information of each items was included
in the maps. The road network for the case study area was represented in the form of lines. GPS devices was
installed at the vehicles to determine the location of the vehicle, including the vehicle number, the driver's
name, and the specified sector. Other communication tools such as GSM, GPRS, 3G were linked to the GIS
program to track the vehicle while operating.

2.2. Collection Points
High-resolution GPS sensors were used to map the locations of solid waste pickup stations. Each collection's
latitude and longitude were captured and mapped in ArcGIS using the add XY data tool and fill the data
needed (Figure 2). Figure 2(b) and Table 1 depicts the collecting points of containers in Sheikh Saad.

(a)

(b
)

Figure 2. (a) Workers are locating the container location and (b) container location by GPS
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Table 1. Existing Container location

ID

Zone

1

Al Hussain

2

Al Zahraa

3

Al Entesar

4

Al_Salam

5

Al-Ghadeer

6

Al Turath

Point
No.
1
2
3
4
5
6
7
1
2
3

Coordinate_X

Coordinate_Y

619228.7482
618920.8972
619172.7796
619233.6276
619032.6877
619004.3863
618906.6116
618929.3876
619135.9878
618974.3292

3604383.645
3604718.408
3604782.014
3604936.082
3604831.485
3604767.879
3605054.402
3604114.178
3604412.42
3604346.984

4
1
2
1
2
3
1
2
1
2
3
4
5

619053.1841
619836.0648
619656.6769
619833.1605
619871.3434
619613.7304
620129.9952
620072.6207
619733.204
619610.0187
619661.2867
619580.1194
619512.8974

3604385.192
3603194.345
3603291.182
3603320.322
3603699.608
3603920.929
3603663.507
3603590.216
3603599.578
3603515.65
3603691.073
3603765.208
3603853.399

2.3. Integration Method
In this study, the ArcGIS Network Analyst was used to analyze the information to improve the solid waste
collection and transportation processes. This method is used in this study to discover the optimal/shortest
pathways using two criteria which are distance criteria and time criteria. The system's architecture of vehicle
tracking in Figure 3 demonstrates how a vehicle is monitored. GPS Satellites send location (GPS Points) data
to GPS tracking systems (GPS-equipped devices) mounted on vehicles, and these locations are sent to GGNS
Database through BTS GSM tower over the GSM/ 4G network. The GGNS server stores all GPS device
locations, while the database maintains the same information [23].
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Figure 3. The system's architecture of vehicle tracking

ArcGIS Network Analyst necessitates correct spatial data, such as solid waste container placement, and
transportation network data such as street directions, limitations, and turns. The use of GIS reduces travel
distance, duration, and the number of journeys. Raster image and land-use image were utilized as a
background for vector files after making geo-reference and correcting the image, as well as a transparent
overlay, to test the digitization results. Then, topological networks was developed after digitizing the road
networks to eliminate faults that happened during digitization.

3. RESULTS AND DISCUSSIONS
3.1. Collection Points (Location of Containers)
There were 23 big containers tallied and distributed among residential areas and marketplaces. The present
number of containers is insufficient to meet the city's requirements. As a result, it was advised that the
number of containers be increased to service the majority of zones. Based on the fact that one container has a
volume of 1100 liters and can hold the waste of twenty residences, Equation (1) was used to determine the
demands of each zone. To accommodate the existing market, the Al-Turath zone was increased by four
containers. Hence, for all zones, the percentage of increase in the number of containers was 357 % to get
better service for waste collection and avoid the scattering of waste in the streets. Figure 4 show the existing
and proposed of location of containers.
N = R/20

Equation (1)

Where N is the number of containers, R is the number of residential in each zone, and 20 is the number of
residential that covers by one container.

157

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

Figure 4. Existing (black dot) and proposed (colored dots) containers location

The junctions of all the roads in the Sheikh Saad city networks were built when the road network was
established during the structure's development, as indicated in Figure 5. Because they are inflections,
intersections, and slopes, these junctions are crucial factors in the current investigation. The road network has
been corrected, and intersections have been marked. Filling out the characteristics table with street
information, particularly street lengths and street type were provided the necessary information (one-way
road and two-way road). In addition to the vehicle's speed, the vehicle's passage period was calculated within
each section of the street, which is critical for conducting road network visualization within the ArcGIS
program.

Figure 5: Developed topological network

Collection routes were devised by combining Arc/Info GIS software's Network Analyst with the intended
infrastructure (land-use zones, road network, collecting locations, and sanitary landfills) to determine the
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shortest or lowest impedance path. The arc impedance is determined by the vehicle's speed, and no turn
resistance is employed. The speed restrictions for all vehicles are considered to be identical for the sake of
this study; however, the user-defined speed limitations for corresponding categories of vehicles can be
employed in the model as the coefficients of arc impedances. This analysis was able to obtain the optimal
routes for the six zones through the shortest distance and the least time.

3.2. Comparison of Proposed New Routes Compared to Existing Routes
The daily solid waste collection begins at seven o'clock and continues until the finish of the workday,
regardless of the hour, when drivers and waste collectors for six zones emerge with their vehicles. They were
visiting enormous containers and traveling down alleyways to gather waste that had been strewn everywhere.
As the final stage before returning to the parking garage, the waste load is unloaded at the landfill. Figure 6(a)
shows the existing route for solid waste collection.

(b
)

(a)

Figure 6 (a) Existing route and (b) proposed routes after optimization for solid waste collection at the six zones.
* In the Al-Zahraa zone, the distance and time of the route were negative due to the inclusion of additional
areas in the waste collection service, as a new 10 waste container sites were suggested. while municipal
vehicles, using non-specialized vehicles, served these additional areas three times a week.

Table 2. Distance criteria of existing and proposed routes for Shiekh Saad

ID
1
2
3
4
5
6

Zone
Al-Turath
Al-Entesar
Al-Husain
*Al-Zahraa
Al-Salam
Al-Gahdeer
Summation

Existing route by
distance (km)
19.469
20.176
24.015
22.425
19.695
21.754
12.7534

Proposed route
by distance (m)
19315
18047
21284
23659
17560
17820
117685

Decreasing rate
(%)
0.13
1.81
2.32
-1.05
1.81
3.34
8.37

On the contrary, the proposed routes (Figure 6(b)) specify the travel time and distance between each two
collection points and the period required for solid waste loading at each point, and the periods for unloading
at the landfill. The best routes were determined by starting at the parking garage and traveling through all of
the big containers, which were distributed according to the demands of each zone, stopping for five minutes
at each container to load, and then traveling to the landfill to unload before returning to the parking lot at the
end of the working day.
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The actual solid waste collection and waste transportation in the state were evaluated as a baseline. It found
that the total current routes length of 127.534 km and the total current routes time of 1045 min were obtained,
while by ArcGIS Network Analyst, the total length of the proposed routes was 117.685 km and the total time
of the proposed routes was 905 min, a difference of 9.849 km and 140 min. The travel distance was reduced
by 8.4% and the travel time was reduced by 15.5% (Tables 2 and Table 3).
According to the data provided, the vehicle used for solid waste collection in Shiekh Saad municipality
included is refuelled once a week that is able to operate for 5 days/week. Additional vehicle that was supplied
with 50 liters/week of fuel was working for three weeks/month and was operating in a sub-area within AlZahraa zone. Table 4 shows the details of vehicle information used to collect the solid waste. The amount of
fuel needed per meter is equal to 0.0005 L /m. Therefore, the amount of fuel saved is the product of the
Equation (2).
Fuel saving = Meter saving × 0.0005

Equation (2)

Total amount of fuel for one month was 1670 L/month. Therefore, adding to the saved amount of fuel (5
L/day is equivalent to 110 L for 22 days/month), there is 150 L/month; It will not be used as a result of the
availability of a vehicle that covers the entire Al-Zahra area.
This result could save the quantity of gasoline by up to 260 L/month, which is a 15% reduction from the
current practice. These total saving, if implemented, will improve human resources that equivalent to the
salaries of one group of employees, who work on one vehicle: a driver, three employees, and a work
supervisor. Based on the results, the application of GIS and GPS in solid waste collection optimization and
waste disposal planning can improve overall solid waste operation, human resources and financial
management.
Table 3. Vehicle information for waste collection and saving in distance and fuel consumption after routes optimization

ID

Zone

1
2
3
4

Al-Turath
Al-Entesar
Al-Husain
*Al-Zahraa

Vehicle
Capacity
(m3)
8
6
16
16

5
6

Al-Salam
Al-Gahdeer

8
16

Summation

Fuel
(L/week)

Existing
route (m) A

Proposed
route (m) B

60
50
70
70

19469
20176
24015
22425

60
70

19695
21754

380

19315
18047
21284
23659

Meters
Savings
(A-B) (m)
154
2129
2731
-1234

Fuel
Savings
(L)
0.08
1.06
1.37
-0.62

17560
17820

2135
3934

1.07
1.97

9849

5

3.3. Implementing System for Proposed Route
After obtaining the optimal route resulting from the GIS outputs, the track of the vehicle was tracked by
receiving the location data the vehicle through the GPS device. The information is transferred to the GIS
system via one of the communications: GSM, GPRS, or G3. The information transmitted is the position of the
vehicle in the form of X, Y coordinates, vehicle type, sector name, driver name, and vehicle capacity.
The proposed model has been tested for one of the city's vehicle routes, which is the Al-Turath zone route.
The location of the city's main market is one of the reasons this zone was chosen for implementation, where,
all side streets have been blocked, leaving only one entry and exit. It is one of the important problems that
need to be solved. Therefore, all barriers are pre-introduced since ArcGIS Network Analysis requires barriers
to be established before the analysis can be conducted using GIS. In addition, to implement an examination,
sufficient containers must be provided, and since the available containers are only 23 containers, so only one
zone was tested for the study. This is done after importing the truck's location data as an excel file. After
transferring the data to the shape file, the time feature of the points file was activated, and it is considered an
important feature for tracking. This feature gives the GIS program the ability to track. After activating this
feature, it will be possible to use the time slider tool, which enables the user to watch and record the
movement of the vehicle in a video format. All existing and proposed container sites in this zone have been
covered. Figures 7 shows the methods of obtaining the tracking data, then recording the actual routes of
vehicles comparing with the optimal routes.
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(a)

(b
)

(c)

Figure 11. Steps in implementing system for proposed route in Al-Turath's Zone

4. CONCLUSIONS
The conclusion of this finding are as follows:
a) ArcGIS 10.8 Network Analyst allows the user to create a map and directions for the fastest path
between many sites.
b) The GIS approach resulted shorter travel distance, less fuel comsume, more cost effect and efficient
time traveling for waste collection and tansportation as compared to the normal existing routes.
c) For the six zones studied, the travel distance was reduced by 8.4% and the travel time was reduced
by 15.5%. This result could save the quantity of gasoline up to 260 L/month, which is a 15% reduction
from the current practice. These total savings, will significantly improve human resources that are
equivalent to the salaries of one group of employees, who work on one vehicle: a driver, three
employees, and a work supervisor.
d) The local administration may utilize our findings as a decision support tool to run the everyday
operations of management of solid waste more efficiently.
e)

Future work should concentrate on expanding waste collection regions related to spatial analysis.
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Developments in Municipal Waste
Management in Türkiye and the Climate
Change Context
Mehmet Emin Birpınar1, Recep Akdeniz2, Sadiye Bilgiç Karabulut3, Demet
Erdoğan4
Abstract
Economic growth and increase in production, urbanization and population growth in our world lead to
an increasing consumption of natural resources and, as a result, waste production. For this reason, waste
management affects every person around the world. In this study, the amount of waste in Türkiye and in
the world, municipal waste management methods applied in different countries in order to reach the
targets determined within the framework of the circular economy, and the studies on the management of
municipal waste in Türkiye in recent years, the determined targets, the state of reaching the targets and
the waste management plant data are included. In addition, the impact of these studies on climate change
is also discussed.
Keywords: Municipal waste, climate change, waste management

1. INTRODUCTION
In most countries, solid waste management operations are typically a local responsibility, and nearly 70
percent of countries have established institutions with responsibility for policy development and regulatory
oversight in the waste sector. About two-thirds of countries have created targeted legislation and regulations
for solid waste management, though enforcement varies drastically.
Waste management data are critical to creating policy and planning for the local context. Understanding how
much waste is generated—especially with rapid urbanization and population growth—as well as the types of
waste being generated, allows local governments to select appropriate management methods and plan for
future demand. With accurate data, investors can realistically allocate budget and land and assess relevant
technologies.
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Studies have been carried out for many years to prevent waste generation, reduce waste, focus on material
recovery, and leave a clean and developed Türkiye and a livable world to future generations.
In 1983, the Environmental Law was prepared in order to establish sustainable systems, prevent waste
generation, and ensure the separate collection and recycling of recyclable wastes, and the principles,
strategies and policies for implementation are included.

2. THE OVERVIEW OF MUNICIPAL WASTE MANAGEMENT
2.1. Amount of Waste
Waste generation is a natural product of urbanization, economic development, and population growth. As
cities become more populated, offer more products and services to citizens, they face corresponding amounts
of waste to manage through treatment and disposal.
The world generates 2.01 billion tonnes of municipal solid waste annually. Worldwide, waste generated per
person per day averages 0.74 kilogram but ranges widely, from 0.11 to 4.54 kilograms. When looking
forward, global municipal waste is expected to grow to 2.59 billion tonnes by 2030 and 3.40 billion tonnes by
2050 [8].
The amount of municipal waste generated in Türkiye was around 17 million tons in 1995, nowadays; it
reached 32.3 million tons in 2020 [6]. It is predicted that this amount will increase in 2023.

2.2. Waste Characterization
The amount and characterization of waste are the most important parameters that affect the creation of waste
management. Waste composition differs across income levels, reflecting varied patterns of consumption.
High-income places generate relatively less food and green waste.
Municipal waste consists to a large extent of waste generated by households, but may also include similar
wastes generated by small businesses and public institutions and wastes not collected by the municipality.
In 2021, waste characterization studies were carried out considering the amount of municipal waste processed
in the facilities of municipalities across Türkiye. In the Marmara Region, where both population and industry
are the most concentrated, the rate of municipal waste constitutes 35% of Türkiye's overall. The significant
increase in the amount of waste arising from the variable population in the summer months in the provinces
where tourism is intense causes the amount of waste per capita to be higher than in other metropolitan cities.
Average amount of waste per person; it is seen that it is high in Marmara and Aegean regions where industry
and tourism are intense, and low in regions where geographical structure and climatic conditions are difficult
such as Southeastern Anatolia, East Anatolia and Black Sea regions [4].
It is important to know the composition of the waste in terms of planning and implementing the waste
management system. The amount and characteristics of waste may vary from region to region, city to city,
and district to district. In this context, provincial-based waste characterization studies carried out in various
periods were evaluated regionally and municipal waste characterization data were created for each region.
According to the waste characterization studies in Türkiye, the rate of biowaste is 50.41% and the rate of
recyclable waste is approximately 24.98% [4].

Figure 1. Results of waste caharacterization studies [4].
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In our country, 50.41% of domestic waste is biowaste, 9.90% is plastic waste, 8.84% is paper-cardboard
waste, 4.7% is glass, 1.54% is metal, and the rest is consists of other wastes (Figure 1) [4]. Considering these
ratios, it is seen that a very large part of our wastes can be evaluated, that is, they can be recycled as raw
materials and converted into new products.
If the wastes are not separated at the source, many recyclable wastes such as plastic, paper-cardboard, glass
and metal will landfilled and this cause the destruction of resources.
When the waste characterization is evaluated, it is seen that almost half of the waste generated in our country
is biowaste. This situation shows the importance of processes such as compost and biomethanization applied
for biodegradable wastes. In order to reach its 2053 target for our country, it is essential to collect and process
the biodegradable wastes separately at the source.

2.3. Municipal Waste Management in Türkiye
Disposal of wastes without being evaluated in the recycling and recovery process causes both material and
energy resource losses. Sustainable waste management; it requires focusing on waste prevention, reuse,
recycling and recovery and moving the waste hierarchy up.
The Zero Waste Project was launched in 2017, which aims to prevent waste generation, reduce waste, prevent
waste by separating the wastes at the source and recycle them, and to use our natural resources more
efficiently. The Zero Waste Project, which is defined as Türkiye's largest environmental movement, has
become a country policy with the aim of spreading all over the country. The Zero Waste Project is an
important tool that supports the transition of today's consumer societies from a linear economy to a circular
economy.
It is very important for Türkiye to reach its climate neutral target by 2053, both to spread zero waste and to
ensure the transition to a circular economy. Accelerating the studies on the separate collection of wastes at the
source, increasing the recovery rate to 60% in 2035, and not accepting wastes that are not subject to pretreatment by 2053, are also included in the 2022 Commission Recommendations of the Climate Council [2].
The spread of zero waste approach and the transition to a circular economy reduce the negative effects of the
waste sector on climate change. On the other hand, it provides a double-sided benefit by reducing greenhouse
gas emissions by saving raw materials and using resources efficiently.
National Waste Management and Action Plan (NWMAP) (2016 – 2023) is the major policy document of
Türkiye on waste management and entered into force in 2017. Within the scope of this plan, current situation
in the 81 provinces are analyzed and, it is aimed to determine "sustainable waste management strategies"
throughout the country by ensuring bringing waste to the economy with recycling and recovery in order to
prevent rapid consumption of natural resources. In order to set goals for local authorities towards an
integrated waste management system, which will require more recovering, recycling and energy production
from waste and accordingly limit the number of sanitary landfills needed as it is aimed at in circular
economies. National Waste Management and Action Plan presents general plans in the waste management
sector for municipal waste as well as packaging waste, medical waste and hazardous waste. This plan, which
is function as a roadmap for investments, also includes information regarding the place, time frame and as
regional the required capacity for plants to be built, and afterwards a national strategy is developed on the
reduction of the biodegradable waste to be disposed of in landfills.
According to the 11th article of the Environmental Law No. 2872, metropolitan municipalities are obliged to
establish, have them installed, operate or have them operated. According to the Metropolitan Municipality
Law No. 5216 and Municipal Law No. 5393; local governments are responsible for the planning,
management and monitoring of waste generated in line with the relevant legislation. n our country, there are a
total of 1391 municipalities, including 30 metropolitan municipalities, 51 provincial municipalities, 922
district municipalities (519 metropolitan district municipalities, 403 district municipalities) and 388 other
municipalities [5].
Each municipality carries out waste management studies with a different institutional structure. The
inadequacy of local authorities, both financially, technically and institutionally, prevents them from
establishing a healthy waste management system. For this purpose, municipalities that are not metropolitan
and have similar environmental problems have formed Waste Management Union structures in accordance
with waste management union models in order to carry out waste collection and disposal services more
effectively and financially. The number of municipal service unions in Türkiye is 65 [5].
In line with the studies carried out since 1991 regarding the management of municipal wastes, a significant
increase has been achieved in the number of landfills. The number of landfills, which was 2 in 1994, has
reached 93 as of today. With these facilities, 1241 municipalities and 89% of the population of the
municipality are served. In our country, energy is obtained from biogas and landfill gas in 84 energy
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production facilities in 55 provinces and the annual production amount is 4,096.452 MWh. In 2023, it is
aimed to provide landfill facilities in all our municipalities. [4].
According to the National Waste Management and Action Plan in 2023, it is aimed that 35% of waste
generated will be recycled and 65% of waste generated will be disposed by landfilling. Nowadays, studies
have been initiated revising NWMAP for the years 2023-2035 in order to harmonize the existing management
plans with the zero waste management system plan to increase and to disseminate separate collection
efficiency at the source, to determine the recovery and disposal methods.
With the studies carried out to update NWMAP (2023-2035) and according to the data obtained from the
Ministry's data system, the recovery rate increased to 27.2% in 2021 (Figure 2) [4].

Figure 2. Waste Treatment Methods (2017-2022), [4]

The Solid Waste Program (SWP) project, which was included in the 2017 Investment Program, was initiated
by our Ministry in order for metropolitan municipalities and municipalities/unions to make waste
management investments in the most appropriate and economical way and to fulfill their environmental
obligations.
SWP covers all kinds of works and operations related to the preparation of the integrated waste management
facility, sanitary landfill facility, pre-treatment facility and transfer station construction works and projects of
metropolitan municipalities and municipalities/unions. With the project, municipal waste management
investments of local governments are supported.

3. MUNICIPAL WASTE AND CLIMATE CHANGE CONTEXT
Recyclable wastes are reused as raw materials and waste of primary raw materials can be prevented. It
reduces carbon emissions since many energy-intensive activities are not needed for the extraction of primary
raw materials, and recyclable wastes are prevented from being incinerated or disposed of in landfills.
In addition, energy efficiency is applied at the highest points in production and logistics, where recycled
materials are used as raw materials. With the application of the deposit management system, the system to be
established specifically for beverage packaging will ensure that the objectives of the UN can be achieved in a
more permanent and visible way in our country.
Biodegradable waste (especially food waste) and inappropriate management of these wastes often cause
greenhouse gas emissions in the waste sector. The waste section of the national inventories under the
UNFCCC does not take into account most of the emissions from this sector. The emissions reported under
this section mainly relate to methane emissions from landfills.
The emissions of waste transport and incineration with energy recovery are reported under the transport and
energy sections, respectively. According to the 2006 IPCC Guidelines, waste sector emission estimates are
required for four subcategories: waste disposal; treatment of waste by biological methods; incineration and
open burning; and wastewater treatment and discharge [1].
In the world, it is estimated that 1.6 billion tons of carbon dioxide (CO2) equivalent GHG emissions were
generated from solid waste treatment and disposal in 2016, driven primarily by open dumping and disposal in
landfills without landfill gas capture systems. This is about 5% of global anthropogenic emissions. Solid
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waste related emissions are anticipated to increase to 2.6 billion tons of CO2eq per year by 2050 if no
improvements are made in the sector [7].
The greenhouse gas inventory results for Türkiye revealed that overall greenhouse gas (GHG) emissions as
CO2 equivalent (eq.) for the year 2020 compared to the previous year increased by 3.1% to 523.9 million tons
(Mt). Total GHG emissions per capita was 4 tons CO2 eq. in 1990 while it was calculated at 6.2 tons CO2 eq.
per capita for 2019 and 6.3 tons CO2 eq. per capita for 2020 [7].
In Figure 3 and Table 1, the total and per capita greenhouse gas emission amount and the change for
emissions according to the sectors by years are given. 85.4% of total CO2 emissions originated from the
energy sector including 31.6% of total CO2 emissions originating from electricity and heat production, which
is a sub-category of the energy sector. The remaining 14.2% of CO2 emissions originated from the industrial
processes and product use sector and 0.4% from the agriculture and waste sectors in 2020. [7].

Figure 3. Total GHG emissions per capita (1990-2020) [7].

Table 1. Greenhouse gas emissions by sector [7].

According to GHG Inventory, Türkiye’s total GHG emissions caused by waste sector were 16.4 Mt CO2e in
2020, which corresponds to 3.1% of total Türkiye’s emissions of 523.9 Mt CO2e [3]. A major source of
waste sector-based GHG emissions was solid waste disposal. Methane is produced by the anaerobic microbial
decomposition of organic matter in landfills over time. The main driving force of CH4 emissions from waste
disposal on land is the amount of biodegradable waste such as food waste. According to 2020 GHG
inventory, 22.1% of the methane from the waste sector [7].
61% of CH4 emissions originated from agriculture, 22.1% from waste, 16.9% from energy, and 0.02% from
the industrial processes and product use sector(1), while 80.3% of N2O emissions originated from the
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agriculture sector, 9.1% from energy, 5.6% from waste and 5% from the industrial processes and product use
sector [7].
Separation of recyclable waste from biodegradable waste at source contributes diverting waste away from
landfill targets and fulfils a precondition for biological recovery. In that manner, recyclable waste is also
another important item to be considered for reducing GHG emissions in Türkiye. Recycling also saves GHG
emissions by reducing the amount of waste which must be disposed of and by providing a substitute for the
use of raw materials in product manufacturing.
The use of methane is a versatile form of bioenergy and a way to produce biogas, a renewable energy source,
as it can be produced from biodegradable waste management and can be used in all energy sectors such as
electricity generation, heat and transportation.
Electricity generation from renewable energy sources in Türkiye is supported by the renewable energy
support mechanism. Both landfill facilities and biomethanization facilities are eligible to receive the tariff
guarantees determined for the first 10 years. The number of these facilities supported by this mechanism is
increasing rapidly. The use of methane in these facilities contributes to greenhouse gas reduction and
renewable energy production.

4. CONCLUSIONS
With the “Law on Approval of the Paris Agreement” published in the Official Gazette dated 7 October 2021
and numbered 31621, our country's climate neutral target was announced as 2053, and green development
and green transformation were determined as the main policy.
In this context, preparing integrated and climate-friendly "National Waste Prevention, Reduction and
Recovery Strategy Document" and "National Waste Management and Action Plan", which direct all sectoral
policies and aim for sustainable waste management in accordance with the waste hierarchy, and a "Circular
Economy Action Plan", which also includes the objectives of the product life cycle criteria intended for using
waste as raw materials, increasing the recovery rate to 60% by 2035 by collecting waste separately at the
source and spreading zero waste and wastes that are not subject to pre-treatment will not be accepted to
landfill by 2053 are among the decisions of the “Climate Council” [2].
In line with our country's 2053 net zero emission target, reducing food losses, preventing food waste, and
processing and recycling biodegradable wastes, which constitute half of municipal waste, are of great
importance both in zero waste studies and in the transition to a circular economy due to the critical value
chain of the food sector.
With the implementation of the regulations made by our Ministry in the field of municipal waste
management, the recovery of biodegradable wastes will be increased and will contribute to our country's
goals.
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Cost Benefits of Zero Waste Approach:
Packaging Waste Management in İTÜ
Ayazağa Campus
Kadriye Elif Maçin1, Kadir Özçelik,2 Osman Atilla Arıkan3
Abstract
University campuses could become pioneer centers for zero waste (ZW) projects. Previously, social and
environmental studies have been conducted for the Istanbul Technical University (İTÜ) Ayazağa Campus
ZW project. This study assessed the third pillar of sustainability, namely economic impacts. For this
purpose, current and potential packaging waste recycling (PWR) scenarios were developed. Revenues
and operating expenditures were calculated using the maximum and minimum market price for secondary
materials. Data quality analyze (DQA) was conducted. According to DQA results, the study conducted
without estimated data while most of the inventory data were high quality and remaining was basic
quality. The economic value of current waste management ranged from net 23,796 $/year cost to 21,908
$/year profit (revenue) according to market values. While potential scenario changes between net 8,400
$/year cost to 58,172 $/year profit. The potential PWR and current scenarios have net savings in case of
the maximum secondary market value. However, the Covid-19 pandemic impacted all economic metrics,
for this reason, the same study should be replicated by using obtained post pandemic market values.
Keywords: Circular economy, cost, packaging waste, university campus, zero waste.

1. INTRODUCTION
World plastic production increased to over 450 million metric tons in 2018 and it is expected to reach out
more than triple by 2050. The 75% of all plastic products have become waste after usage, and their volumes
are increasing each year. Packaging waste is the largest contributor to plastic waste and it constitutes 46% of
all plastic waste [1]. Nowadays, 14% of it is recycled, 40% landfilled, 14% burned in incineration plants and
the remaining 32% ends up in the environment, particularly in open dumps, rivers and the sea [2]. Thus, zero
waste (ZW) practices are increasing rapidly all over the world, including Türkiye.
ZW reduces the consumption of natural resources and raw materials as much as possible with the life-cycle
approach from the design stage of a product (Figure 1) [4]. The EU has the Packaging Waste Directive, which
sets targets complying with ZW approach for recycling specific waste components such as 55% of plastic,
60% for aluminum, 75% for glass, 85% of paper and cardboard by the year 2030 [5]. In addition, EU aims
70% recycling of all packaging waste by 2030. After China ban, Türkiye became one of the primary
1
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importers of plastic waste of Europe [6]. Besides, 32 million tonnes of municipal solid waste were generated
while the majority of waste was landfilled and only 13.2 % was recycled or recovered in 2020 in Türkiye [7].
As part of that, Zero Waste Regulation was published in 2019 and Türkiye has recently restricted the import
of most plastic waste to support its national zero waste strategy [8].
Prevent
Reduce
Reuse
Recycle
Recover
Disposal
Figure 1. Waste management hierarchy

Increasingly, ZW initiatives are being embraced by communities and institutions, including universities. [3].
SWOT (strength, weakness, opportunity, and threat) analysis [9] potential of packaging recycling [10] and
awareness studies have been carried out in universities in Türkiye [11]. Furthermore, economic calculations
have been conducted in previous studies [12]. A study in Namık Kemal University was showed that, the
packaging waste recycling will increase from 20% to 80% with ZW management approach [13]. However,
there is no study has been conducted by performing DQA analysis for identification of current data gaps and
making suggestions for future studies.
Previously, social [14] and environmental studies [15] have been conducted for the ZW project in the İTÜ
Ayazağa Campus. Thus, this study will assess the third pillar of sustainability, namely economic impacts.
This paper addresses the following questions: (i) What is the quality of the data from the inventory of
packaging waste management costs? (ii) What is the actual revenue and net cost of recycling packaging
waste? and (iii) How are those values going to change with the management of the ZW?

2. METHOD
Before the data collection, preliminary study has been conducted by literature research. Currently, dual
collection is applied and recyclable wastes are collected in blue containers and other type of wastes are
collected in gray containers on campus. Generated wastes on campus are collected by district municipality
trucks. While the blue containers sent to the recycling facility, the gray containers sent to the Baruthane
Transfer Station. After the transfer station, the wastes are sent to the Seymen Landfill. Existing and potential
packaging waste management strategies were determined by field study. Firstly, the waste characterization
and impurities in the containers were measured at the Ayazağa campus (Figure 2) [15]. This was followed by
the determination of potential packaging waste recycling scenario.

Preliminary study

Data collection

Cost calculation and assesment

• Literature search
• Aim and scope of the study

• Determination of the existing waste
management system on campus
• Waste characterization and recycling
potential of ITU Ayazağa Campus

• Data quality assesment
• Cost and revenue calculations of the
current and potential scenrios
• Assesment of the results

Figure 2. Methodology of the study
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After determination of the scenarios, expenditures and incomes were calculated for both scenarios. Literature
source was used for secondary materials’ maximum and minimum market values in Türkiye (Table 1) [16].
Operational expenditure (OPEX) namely; all the costs during operation of the WM system and revenues from
sales of products were included in the calculations while capital expenditures of WM facilities and waste
collection trucks were excluded. The assumption has been made that the number of workers will be sufficient
for a potential WM. The Seymen Landfill is located 112 km away from the campus while material recycling
facility (MRF) is 26 km away. The transportation cost was calculated by using these distances. Leachate
treatment cost was included in OPEX. However, there will be no electricity gain from the landfill gas (LFG)
since LFG is mainly formed by the biodegradation of Cbio in the waste and packaging wastes mostly contain
Cfossil.
Table 1. Current market value of packaging waste and summary of the cost inventory in Türkiye
Cost
($*/ton)

Expanses
Transport- MRF
Transport- Landfill
Collection
MRF operation
Landfill operation
Landfill fee
New containers

10.6
19.0
24.6
24.6
29.0
18.1
3,521**

Revenue
Cardboard/Paper
Plastic bag
Plastic
Pet
Metal
Aluminum
Glass

Max
($/ton)

Min
($/ton)

158
176
211
387
220
1232
18

35
88
141
150
106
528
18

Substitution
factor of
recyclables
Cardboard
Paper
Plastic
Glass
Fe metals
Aluminum
PET

Coefficient
***
0.83
0.85
0.85
1
0.7
1
0.81

*The dollar exchange rate in 2019 was used in the study
** Total investment cost of new containers
*** Substitution factor of recyclables was taken from the literature [17].

Revenues were calculated using data from literature and personal interviews. In contrast to expanses, two
values were used to calculate maximum and minimum market prices. Only operating costs were included into
this study, new container capital cost was added for potential scenario. The extra investment required to
upgrade to the new ZW system is considered during the calculations. Net value was calculated by subtracting
recycling income from the total cost.
!"# =

!"#$%#$!&#$'$($)$*+∗-

(1)

&$-

In addition, Data Quality Analysis (DQA) was conducted. DQA, indicators are based on, Weidema and
Wesnæs, 1996 [18]. Data quality analysis level was classified by following EC [19]. If the data quality rating
(DQR) value is less than 1.6, it has high quality while if the value is between 1.6 and 3 it is basic quality.
Finally, if the DQA is between 3 to 4 than it is estimated value. After, data inventory collection a Data
Quality Assessment (DQA) was conducted. Data quality rating (DQR) was calculated in which TeR, GR,
TiR, C, P, M: are data quality indicators according to EC-JRC (2011), where TeR is the Technological
representativeness, GR is the geographical representativeness, TiR is the time-related representativeness, C is
the completeness and P is the precision uncertainty. Xw: weakest quality level obtained, that is equal to the
highest numeric value among the data quality indicators. i: number of data quality indicators. The DQR
scores were finally assigned an overall data quality level in Table 2.
Table 2. Data quality level [19]
Overall data quality
rating (DQR)
< 1.6
>1.6 to 3
>3 to 4

Overall data
quality level
High quality
Basic quality
Data estimate

Representative
color
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3. RESULTS AND DISCUSSION
According to DQA results, most of the inventory data were high quality and remaining was basic quality
(Table 3). There was no estimated data which increased the accuracy of the cost calculations.

Packaging waste
amount
Packaging waste
characterization
Secondary material
market price

primary

1

1

1

1

1

1.0

primary

1

1

1

1

1

1.0

secondary

3

2

1

3

2

2.6

Transport to landfill

secondary

2

2

1

2

2

1.9

Collection of
packaging waste

secondary

2

2

3

2

2

2.6

MRF operation

secondary

1

2

3

3

2

2.6

Landfill operation

primary

1

1

3

2

1

2.2

Landfill fee

secondary

1

1

1

1

1

1.0

New containers

primary

1

1

1

1

1

1.0

High
quality
High
quality
Basic
quality
High
quality
Basic
quality
Basic
quality
Basic
quality
High
quality
High
quality

Source

DQR

DQR

Technological
Correlation

Geographical
Correlation

Temporal
Correlation

Completness

Reliability

Primary or
Secondary
Data?

Table 3. Data Quality Assessment

Field study
Field study
[16]
[20]
[21]
[22]
Interview
[23]
Interview

The final destination (facility) of the waste in current and potential scenarios were shown in the Sankey
diagram in Figure 3. It was seen that the current recycling ratio was 405.9 ton (64%), but maximum recycling
is aimed in the ZW approach. In the potential scenario, the amount of waste going to landfill is expected to be
37.8 tons Consequently, even though the campus relatively high recycling ratio it has a potential to
substituted 94% of the raw material.
CURRENT

POTENTIAL

Figure 3. İTÜ Ayazağa Campus current and potential packaging waste management (ton/year)

As shown in Figure 4, the present and potential scenarios showed net savings, if secondary (recycled)
materials had a maximum price in the market. Although the unit value of scrap was the highest for aluminum,
the highest profits were observed for paper and cardboard because of the quantity of waste. If packaging
waste had a minimum market value, the cost of packaging WM would exceed revenues. The economic value
of current waste management ranged from net 23,796 $/year cost to 21,908 $/year profit (revenue) according
to market values. While potential scenario changes between net 8,400 $/year cost to 58,172 $/year profit
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(revenue). Consequently, if market has the maximum value for secondary materials, potential scenario will
reduce cost 81,968 $/year and 36,264 $/year when it is compared to current minimum and current maximum
scenarios respectively.
Annuel Expanses and Revenues of Current and Potential Packaging Waste Management
$60.000
$40.000

$23.796

$20.000

$8.400

$0
-$20.000

-$21.908

-$40.000

-$58.172

-$60.000
-$80.000
-$100.000
-$120.000
Current max

Potential max

Current min

Potential min

Cardoboard/paper-REC

Plastic bag-REC

Plastic-REC

Pet-REC

Metal-REC

Alumininum-REC

Glass-REC

Transport- MRF

Transport- landfill

Collection

MRF operation

Landfill operation

Landfill fee

New containers

NET

REC: recycling revenue

Figure 4. Current and potential cost of packaging waste management in ITU Ayazağa Campus

Subsequently, the ZW approach increases the recycling of packaging waste. The need for raw materials and
landfill area decreases. In addition, foreign dependency for raw material will be reduced, which is major
problem for plastic industry in Türkiye. Although this study covers important calculations for the economic
side of ZW management, it has limitations. Firstly, only recycling was prioritized in the waste hierarchy
instead of prevention and reuse. Secondly, only operating cost was calculated and capital cost should be
included in the future. The Covid-19 pandemic impacted all economic metrics, thus the same study should be
replicated by using post pandemic market values.

4. CONCLUSION
Current WM analysis by field study and calculations for potential scenario are critical to understand WM
performance and plan new strategies. According to DQA results, the study conducted without estimated data
while most of the inventory data were high quality and remaining was basic quality. The potential scenario
changes between net 8,400 $/year cost to 58,172 $/year profit. The efficiency of source separation could be
improved by placing more recycling containers in and out of buildings. Successful and sustainable ZW
management goal can be achieved in campus by considering all environmental, economic and social aspects.
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Evaluation of the Environmental Dimensions
of Sustainability in Terms of Businesses
Serpil Öztaş1, Nihal Bektaş2
Abstract
As well known, the branch of environmental engineering focuses on solving environmental problems as
well as to improve ecosystem health, manage pollution, and conserve natural resources. However, there
are new opportunities related to sustainable engineering in the field.
Sustainability is originally grounded from a simple principle: natural environment can either directly or
indirectly affect everything on the world. Therefore, it should be formed and retained all necessary
conditions in productive harmony to support present and future generation needs. Also, environmental
production is part of sustainability but the term of sustainability also covers economic development and
social equity. The sustainability is linked with the environment, society and economic, creating the three
pillars of sustainability that aim to guarantee the planet's integrity and to improve the quality of life.
Sustainability can also be further emphasized the interdependence of the three dimensions by giving high
priority to “environment” since a healthy ecosystem is required to provide a strong society. Society and
Social Responsibility come second and economic sustainability is third because a wealthy economy cannot
exist without a healthy society and environment.
In this study, environmental dimensions of sustainability will be discussed for industry and business to meet
future needs and enhance earth life support systems.
Keywords: Sustainability, 3 pillars, environmental dimension, Sustainability reports

1.

INTRODUCTION

Especially in recent years, many problems faced by the whole world such as global warming, biodiversity,
increasing world population, reduction and pollution of natural resources, discrimination, human rights abuses,
poverty have led humanity to look for a new directive. All segments of the society are affected by all these
negativities, as well as the business world and therefore businesses of all financial scales. Businesses consume
natural resources as if they are endless in order to bring their products and services to the consumer world
quickly. However, our natural resources are limited and we are pulling the world's capacity to renew itself to
an earlier date every year. Therefore, industrialization, which does not take the environment and societies into
account, poses a great threat to both today's living creatures and future generations with the destruction it creates
1
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on natural resources and the environment. This has created the principle that today's needs shouldn’t harm the
ability of future generations to meet their own needs. This basic principle, which emerged in the Bruntland
Report (Source: Brutland Report), constitutes the foundations of Sustainable Development. This approach
creates the awareness of being responsible for both their own generation and other living things by all segments
of society. From the point of view of businesses, this concept; It is expressed as using the strategies and
approaches they have realized in order to eliminate the damages they cause to the environment in the production
process, for the continuity of the business in the long term. (Kusat, 2012)
Based on this approach, businesses in the world and in our country continue their development with reports
that evaluate not only financial progress reports and strategies, but also social and environmental dimensions
for their sustainability. Because it is clear that in the long run, short-term and only profitability-oriented
approaches are unsustainable and these approaches will receive reactions from the societies. In this sense, it
has become inevitable to develop different approaches and strategies in the stages from the design of the product
to the recovery of the material within the framework of the production function. Sustainable production
approaches can reduce or eliminate unwanted effects of industrial process on the people and it includes the
subjects of increasing the recyclability of the products produced, directing the new design processes and the
development of material and energy-efficient manufacture processes.
This study is considered as an evaluation study on the importance of evaluating the environmental dimension
of sustainability for businesses. It is a research study on the importance of handling the environmental
dimension with engineering approaches, especially in the sustainability of businesses, the use of ecological
innovation in production, the importance of circular economy and industrial symbiosis in waste management,
pollution prevention approach, and what environmental criteria are in sustainability reports.

2. HISTORICAL DEVELOPMENT OF SUSTAINABILITY AND ENVIRONMENTAL
APPROACH
The struggle of humanity to survive and maintain its lineage since its existence, the use of limited resources
with various cycles in itself, shows that our ancestors have always tried to survive with the subconscious of
sustainability. If we take a more concrete historical process, we can start 200 years ago. Hans Carl von
Carlowitz gave birth to the idea of sustainable development in his book Forest Sciences, in which he emphasized
that a timber would be as important as daily bread and should be used carefully. (Keiner, 2005:2 The argument
that the needs of the increasing population cannot be met with the limited resources of the world is Thomas
Malthus's 1800's debate. An Essay on the Principle of Population (1798), which he wrote at the beginning of
the 1920s, created a framework for environmentalism by starting his book (Basiago, 1999:146). Again in the
same century, W.Stanley Jevson (1866) emphasized wastage, starting from coal, stating that if coal
consumption did not change, British coal reserves would be depleted within the century and England would
lose its dominant industrial position (Du Pisani, 2006: 86)
As a result of the industrial revolution and its global changes caused by wars in the world, concerns about
resource scarcity and destruction of nature have increased. After the Second World War, scientist Rachel
Carson, in her book Silent Spring published in 1962, talked about the details of bird deaths due to the
widespread use of DDT and drew attention to the extent to which uncontrolled technology use and human
activities harm the environment, and created an important awareness in the name of environmentalism in the
world. (Tuazon et al., 2013: 40)
The new accepting of the concept and its official recognition at the international level started with the
Stackholm Conference on the Human Environment held in Sweden in 1972 (Barral, 2012: 379)The conference
is an important step in the use of environmental assessment as a management tool and in promoting sustainable
development. Although strong links were not established between development and environmental issues, it
was understood that the form of economic development should be changed (Mebratu, 1998: 500)
The first influential study, which took place at the same time as the Stockholm Conference and examined the
sustainability of economic development in the world, was in 1972, in which a group of scientists led by Donald
and Donella Meadows at the Massachusetts Institute of Technology examined the relations of limited resource
supply, economy and population growth with computer simulation, The Limits to Growth report. The report
argues that if it continues to support the industrial society and the economic growth seen in the 1960s and
1970s, environmental and resource degradation in the near future will put a limit on human survival (Irurah and
Boshoff, 2003: 244; Mebratu, 1998: 501).
Sustainable development was first used as a term in Norway in the report Our Common Future (Brundtland
Report) of the World Commission on Environment and Development (WCED), chaired by the United Nations'
Gro Harlem Brundtland, in a report that meets the needs of the present without compromising the ability of
future generations to meet their own needs. defined as development (Basiago, 1999: 148; Redclif, 2005: 212).
Sustainable development in the Brundtland Report essentially includes two basic concepts (Barkemeyer and
Holt, 2014: 2): Basiago, A. (1999).
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* Especially the basic necessities should be prioritized for the low income people.
* There should be some limitations in technology and social organization to protect the environment to meet
current and future needs.
The next important step that connects sustainable development and the environment is the Rio Earth Summit
organized by the UN Conference on Environment and Development (UNCED) in 1992 in Rio de Janeiro, Brazil
(Paul, 2008: 578) and related capabilities led to the Framework Convention on Climate Change (FCCC), which
recognizes social and economic conditions.. Later, the 1997 Kyoto Protocol, which came into force in 2005,
repeated the importance of balancing greenhouse gas concentrations in the atmosphere. The protocol covers
rules and instructions on the amount to which partner industrial countries should reduce their six greenhouse
gas emissions – carbon dioxide, methane, nitrous oxide, chlorofluorocarbon, hydrofluorocarbons and
perfluorocarbons. The protocol also wants industrialized countries to cut down their greenhouse gas emissions
by 5.2% from 1990 levels between 2008 and 2012, but it alone is insufficient to stabilize climate change until
2100 (Sathaye et al., 2006: 314; Gundimeda, 2004: 329).
World Summit on Sustainable Development (WSSD), was organized in Johannesburg, South Africa in 2002,
the increasing challenges of environmental degradation and sustainable development were addressed, aiming
to strengthen commitments and evaluate developments in sustainable development since Rio 1992. The UN
Stakeholder Forum Implementation Conference (IC) addressed 4 main topics: water, energy, health and
agriculture. The conference themes were adapted from the International Development Goals (IDGs), which
were created in Rio and later transformed into the Millennium Development Goals (Carr and Norman, 2007:12; La Vina et al., 2003: 1).
In September 2015, the UN General Assembly adopted Transforming Our World: The 2030 Agenda for
Sustainable Development, outlines a new framework that forms the basis of the sustainable development agenda
through to 2030. has accepted. This new framework replaces the Millennium Development Goals (MDG)
framework, which expired in 2015, by setting 17 universal goals and 169 goals, called sustainable development
goals. (GBD 2015 SDG Collaborators, 2016: 1813).
3. SUSTAINABILITY AND ENVIRONMENTAL DIMENSION
The origin of the term sustainability is based on the science of ecology. It refers to the conditions necessary for
the ecosystem to sustain itself in the long run. For this reason, some authors claim that sustainability refers to
the environmental dimension of sustainable development, while sustainable development refers to the product,
namely the end state. However, there are also studies in the literature where these two concepts are used
interchangeably (Holden et al., 2017: 131). In fact, the concept is based on three ethical requirements: meeting
human needs, confirming social equality and concerning environmental limitations (Holden et al., 2017: 4). It
is important that this concept, which has 3 pillars as shown in the figure…, adopts the environmental, economic
and equality (social) principles simultaneously. The concept, which is usually schematized in the form of a
Venn diagram, is also shown in the form of a triangle as in the figure. This definition also prevents the situation
of giving up the other in order to obtain one between the environment, economy and society. It also states that
any social or economic development is sustainable that it protects and promotes the environment and social
equality.
As seen in the Venn diagram in Figure1. In the second Venn diagram, environmental sustainability
encompasses both social and economic pillars. Thus, if an organization does not deviate from its environmental
focus, it will inevitably achieve social and economic sustainability. Therefore, it can be stated that the
sustainability of not only increasing the value by maximizing their profits and outputs, but also focusing on
environmental and social issues equally, should be mentioned in terms of Businesses. (Arya et al., 2020: 75).
Three pillars of sustainability are the result of achieving and maintaining complete sustainability. By getting
complete sustainability following improvements can be gained:
Environmental protection: It is an approach in which a clean and healthy environment is created based on the
protection of biological diversity, natural resources and the entire ecosystem.
Economic development: providing an acceptable level of economic comfort currently and not compromising
the ability of upcoming generations to experience the similar economic benefits.
Social development: A development approach in which everyone in the society has easy access to basic
resources, everyone benefits from improved health and education services, and access to infrastructure and
clean water is provided.
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Figure 1. Sustainability: Balance of economic, social, environmental aspects ( Holden et al., 2017)

generated and released into the environment. Figure 1 shows a rough timetable for waste management
strategies. As can be seen from this figure, waste management moves from pollution control to pollution
prevention.
Sustainable development is about providing a improved quality of life for current and next generations. This
requires achieving four basic goals simultaneously in the world as a whole (Zabihi et al., Habib, 2012: 571):
• Social progress that identifies everyone's needs
• Effective protection of the environment,
• Conscious use of natural resources
• Maintaining high and steady economic growth and occupation levels
The environmental dimension of sustainability is an important part of development. The events of businesses,
consumers and governments affect the environment in many dimensions. There are three drives for commerce
responding to environmental difficulties: ecological responsibility, legitimacy and competitiveness (Prasad et
al., 2019: 374-375). Environmental sustainability can be explained as forming and maintaining conditions in
which people and nature can exist in creative harmony and that allow the social, economic and environmental
needs of upcoming generations to be met (U.S Department of Energy, 2020). Environmental sustainability is
meeting human needs without compromising the health of ecosystems. (Morelli, 2011:2).
Environmental integrity depends on this principle and ensures that all human activities do not harm the air,
water resources and soil, assuming that the regeneration and carrying capacities are limited. Combined with
population growth, high level of consumption and industrialisation can threat environmental integrity. Human
activities can have significant adverse effects on the natural environment, including, but not limited to,
reduction of biodiversity, depletion of the ozone layer, accumulation of greenhouse gases, waste management,
deforestation. When whole ecosystem is endangered, basic and necessary resources such as air, water and food
for human life are also endangered (Bansal, 2005: 198). The strong sustainability perception focuses on the
scale of human development relative to world-wide carrying capacity. Hence, once human development extents
over-all carrying capacity, no form of economy can be substituted this, so human development has absolute
limits (Holden et al., 2014: 132; Laine, 2005: 4)

4.

THE NEED OF SUSTAINABILITY

Sustainability is becoming progressively visible in all areas of our lives. Sustainability as an idea admits that
the environment is an exhaustible resource. Sustainability can create and maintain the conditions for humans
and nature to live harmonically for caring present and future generations. Sustainability develops the quality of
our lives, look after our ecosystem and protect natural resources for next generations.
Sustainability finds various ways to protect our natural environment, human and ecological health. Ignoring
sustainability can deplete natural resources thus sustainability is important field for all of us. In the business
world, sustainability is a holistic approach and should apply form manufacturing to logistics to customer
services of company. Also, going green and sustainable is not only beneficial for the company; it also
maximizes the benefits from an environmental focus in the long-term.
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4.1. Importance of Environmental Sustainability for Businesses

Businesses are under force from many stakeholders to take on social and environmental responsibilities. In the
new world order, managers are working to make their businesses more socially responsible, ecologically
sustainable and economically competitive. Therefore, they are inclined to include environmental elements in
all their strategic plans by transforming the management practices of their enterprises in a way that will reduce
the impact of production and process systems on the natural environment (Yacob et al., 2019: 1; Orlitzky et al.,
2011: 3). Businesses are held responsible not only for the environmental and social problems created by
themselves but also by their dealers and contractors (Caniato et al., 2012, p. 659). This also increases the
probability of gaining a competitive advantage in the market.
In addition, resource scarcity and operating costs are among the reasons why businesses focus on sustainability.
Pollution is a reflection of economic waste and includes incomplete use of resources. Reducing pollution is
often equivalent to increasing efficiency in resource use. In addition, more consumption of inputs and more
production of unwanted outputs make the industrial system ecologically unsustainable (Gatimbu et al., 2018:
1765).
Traditional economic duties of businesses relate to customer value making and financial presentation. Their
social tasks relate to effects on society, the well-being of persons and communities (eg employee health, social
equity, ethics, partnerships, etc.). Its environmental duties focus on actions related to the natural environment
and include arrangements such as reducing the ecological footprint, protecting the environment and reducing
the use of non-renewable resources (Ozanne et al., 2016: 250).
Environmental sustainability controlling is a critical action in executing the processes strategy to improve
business performance. In recent years, many businesses have been creating and implementing environmentally
sound mission statements. Similarly, financial reporting now includes yearly environmental reports. The
implementation of eco-friendly policies increases working efficiency and thus helps as a larger source of
competitive benefit. In addition, commerce with a green image; tax reductions, several subsidies, increasing
brand status and awareness, increasing market part and exports, better compliance with regulation and
development in pioneering capacities (Danso et al., 2019: 3; Amankwah‐Amoah et al. .,2019: 79; Jugend et al.,
2017: 432-433).

4.2. Measuring Environmental Sustainability
There are various reporting organizations and methods to measure sustainable development in the world.
Although each method is not completely different from each other, it has various indicators. Environmental
indicators are directly or indirectly included in almost many reporting systems. However, a few reporting
systems, which are mainly based on environmental indicators and are used in the sustainability reporting of
many businesses in the world, are given below.
Table 1. Common Indicators Used to Measure Environmental Sustainable Development (Parris and Kates, 2003: 4).

At the same time, there are measurement methods such as Biodiversity Indicators, Environmental Performance
Index and Ecological Footprint, which are generally accepted and widely used and represent environmental
sustainability in the best way.
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Factors that create and change
biodiversity

Natural Factors
-Climate
- Landforms
-Soil

Paleogeography

Biological Factors

-Continental drift

-Human

- climate change

-Other Creatures

Figure 2. The factors that create and change biodiversity (the most general form)

Environmental Performance Index
The Environmental Performance Index was created by the Yale Center for Environmental Law and Policy
(YCELP), the Data Driven Environmental Solutions Group of Yale University (Data Driven Yale), and
Columbia University's International World Science Information Network (CIESIN). The Environmental
Performance Index, with its data-centered approach, increases the performance of the policies implemented by
the countries and the ability of the policies to achieve their goals through numerical measurements
(Enviromental Performance Index, 2016: 11). In addition, the Environmental Performance Index includes not
only a ranking consisting of the average of all data, but also numerical evaluations and measurements for
specific issues. The Environmental Performance Index presents a universal view of the environmental status of
countries or businesses and plays a guiding role for decision makers in this area. At the same time, it offers the
opportunity to compare both globally and regionally (Savaş, 2012: 138).
The variables considered in the calculation of the EPI (Environmental Performance Index) are divided into 2
targets
Table 2. EPI Targets
Productive natural resources
Biodiversity and habitat
vitality of ecosystems

Water resources.
Effects of air pollution on ecosystems
climate change
Effects of air quality on health

environmental health

Basic cleaning and drinking water
The impact of the environment on health

Ecological Footprint:
In recent years, ecological footprint is among the commonly used indicators of sustainability around the world.
This approach, which focuses more on environmental sustainability and is suitable for its strong sustainability
nature, was brought to the literature in the 1990s with the studies done by Mathis Wackernagel and William
Rees (Neumayer, 2004, p.158).
Ecological footprint is a measurement method that provides a numerical display of the amount of biocapacity
consumed in the world, the size of the water and land areas required for the disposal of wastes, the amount of
biocapacity used by countries, cities, families or individuals, and the amount of planet that will be needed in
the future. The ecological footprint provides access to information on how much the world's carrying capacity
has been exceeded (Altıparmak and Avcı, 2011, p.38).
In other words, it is an area-based indicator of the ecological footprint that can measure the natural resource
use intensity and waste absorption activity in a particular area (Wackernagel and Yount, 2000, p.512). The
ecological footprint shows the amount of biologically needed fertile area in order to produce the resources
consumed by the economy with a certain population and to absorb the wastes it creates in nature (Wackernagel
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and Silverstein, 2000, p.392). It plays an active role in sustainability planning, as it provides a wide-ranging
evaluation of the ecological footprint (Wackernagel and Rees, 1996, p.28-29). The ecological footprint
approach, which is also evaluated as the demand for nature and natural resources or the demand of the
biosphere, takes into account biologically productive and arable land, fishing areas, forest areas, and does not
consider open oceans, glaciers and deserts (Kitzes and Wackernagel, 2009)
The following assumptions are taken into account in ecological footprint assessments (Wackernagel et al., 2002,
p. 9266):
1. It is possible to track the resources and wastes consumed by humans.
2. A significant portion of these resources and the state of the waste stock can be measured by the biologically
productive areas needed to sustain it.
3. All areas are weighted in proportion to their usable biomass, defined as global hectares.
4. It represents the aggregate demand of people since one global hectare contains an equivalent amount of
usable biomass for a given year and the areas represent mutually exclusive uses.
5. The nature supply offered by Ecology is expressed in biologically productive global hectares.
6. It is possible that the demand for space will exceed the supply of space. To give an example, the forest area
that has been cut at twice the rate of regeneration appears to be twice as much as its own area in the calculation
(Wackernagel et al., 2002, p. 9266).
Within the ecological footprint, there are also carbon and water footprint measurements. One of the best ways
to measure these metrics analytically is Life Cycle Analysis (LCA). Finnveden et al., 2009: 1). Life cycle
costing (LCC) is to consider the economic effects of products and services throughout their life cycle. The ISO
14000 series specifies an international standard technique for measuring the environmental impacts of a product
or service over their lifetime (Hutchins and Sutherland, 2008: 1689).
Businesses should set interconnected goals and principles to develop environmental policies in the scope of
sustainable development. These principles and objectives may cover the topics listed below. (Moldan et al.,
2012: 6):


Protecting the integrity of ecosystem by ensuring the efficient management of Natural Resources



Global environmental commitment (improving governance and collaboration)



Measuring progress by using indicators in decision making



Improving the social and environmental quality of life



Respect for nature and biodiversity



Giving importance to recycling activities



To prevent the release of hazardous pollutants into environment



Efficient use of non-renewable resources (preferring renewable resources)



Considering feedback



Flexibility (be easily adaptable to situation changes)

In the Environmental Sustainability Reports, various indicators that are handled especially on the basis of
enterprises are included. Table3. includes these indicators and their importance.
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Tablo 3. Environmental Sustainability Reports’s indicator and their importance (Moldan et al., 2012: 6)
Indicator

Significance Value

Water Consumption

Water scarcity 21st century. one of the most important problems. The
issue of reduction and pollution of underground and surface waters is
very important.

Energy consumption
a. electrical energy
b. Natural gas
c. Fuel consumption

Increasing energy use causes the depletion of fossil fuels such as coal,
natural gas and oil, as well as the main causes of global warming and
increasing pollution.

Use of energy obtained from renewable
resources (solar, wind, water, etc.)

Renewable resources should be presented as an alternative energy
source due to the harm caused by the energy obtained from fossil fuels
to the environment.

Reducing waste
a. Wastewater reduction
b.Reducing generated chemical, urban waste
Recovery rates
a. Recycled products (paper, plastic, glass,
etc.)
b. Management of returned and expired
products

In particular, toxic and nuclear wastes in the waste cause irreparable
damages in the ecosystem.

The production and use of recyclable products not only provides real
savings, but also reduces the burden on the ecosystem.

c. Agreements with suppliers regarding the
production of products suitable for recycling
Global Warming (effects on the ozone layer)
a. Air conditioner use

Making emissions in accordance with the Kyoto Protoco

b. Deep freezer use
c. Insulation material use
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Noise Pollution

It is one of the important factors affecting human psychology.

Logistics and Transport
a. Selection and control of transportation
vehicles (efficiency of activities such as
maintenance, repair, inspection, etc.)
b. Reducing transport distances
c.Traffic generated within the framework of
the store or warehouse

Logistics activities are one of the basic business functions that can have
an impact on the environment. An effective logistics method will be
able to reduce this effect.

Certificate Ownership (ISO 14001 )

It is one of the important indicators that the activities holding the
certificate are carried out in an environmentally friendly manner.

The establishment of the Environmental
Reporting system and its openness to the
public

The development and transparency of the environmental reporting
system is an important indicator for environmental awareness.

Effective use of land

The effective use of land in urban areas has a significant impact on the
environmental protection process. In particular, it is essential that green
areas are not deteriorated and brown areas are used. It is particularly
important that biodiversity is not damaged and forest land is not
reduced.

5. CONCLUSION
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What exactly needs to be sustained in the environmental dimension in sustainable development? This question
can be answered in two ways. First, the ability to benefit from existing resources should be sustainable, that is,
the next generation should be able to benefit from existing opportunities and be happy at least as much as the
current generation. Secondly, physical efficiency must be protected without disturbing the flow of natural
resources and natural capital. In the future, contact to the biophysical resources provided by the ecosystem
should be at least as good as now. (Daly, 2006: 1).
There is an extensive threat to the biosphere, and this closely also related with the world economy and threat
continuously force the environment unabatedly:
-the growing population
-the drive for industrial and agricultural development
There is a need a new strategy to continue to struggle of these problems not only at present, but also in the
future. There are no simple and clear answers to this problem however environmentally strong sustainability
approaches such as pollution prevention, applying clean technology, design for the environment, and
manufacturing environmentally friendly products, can be give many opportunities to straggle of current
problems of world. It is extremely important to evaluate the environmental, economic and sociological effects
of its activities as a whole in terms of the sustainability of the earth, especially when evaluated in terms of
businesses or production industry in the world.
Ensuring sustainability and making studies-reports in this field today not only contributes to reducing the
ecological impact of businesses, but also adds positive value in the competitive environment with the title of
environmentally sensitive enterprise. Consumers also increase their own sensitivity by choosing their products
from environmentally sensitive businesses. In this way, by drawing attention to the global pollution created by
mutual interaction, a role is assumed in reducing the pressure on the ecosystem.
Finally, in order to complete the sustainable environment goal, it is necessary to make a broader assessment by
including it in government policies beyond reporting activities. These studies are studies that can be progressed
with the cooperation of producers, consumers, all stakeholders and the government. On the one hand, while
high-capital organizations contribute with their environmental activities, on the other hand, it can be in smallbudget enterprises that can cause much greater damage. In order to prevent this and to raise awareness,
increasing awareness activities and government incentives are of great importance.
Increased consumption leads the continual economic growth and result major environmental impacts
worldwide. Therefore, there are huge damage and attack to biodiversity and environments with permanent
effects for the environment leading a severe weakening of resources for people and industry. Humanity has to
see the growth dilemma between giving up economic growth and maintaining growth. Because cutting up
economic growth crate huge economic and social collapse while continuing growth can globally destroy
ecosystems that are our basis of existence. Therefore, there is a need a comprehensible policy, vision, and
durable strategy to find the way out of this growth dilemma. Probably there is no simple answers to this perhaps
world need a complete transformation in the way we live, work and order our lives. Therefore, to create a strong
sustainable world, it must be transferred sustainable practices into many practices. Some example of specific
design solutions for sustainable world can be given as follows:
■

Design products and manufacturing processes in which all raw materials are reused and recovered.

■

Build all treatment systems that improve, rather than damage, their surrounding ecosystems.

■

Designing buildings that produce and use their own energy and are made of recycling products

■

Create agricultural systems not used pesticides, fertilizers, and fossil fuels.

■

Change from fossil to renewables.

■

Construct industrial symbiosis systems where your product’s by-products can be used as raw
materials for another process
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Geospatial Alternatives for Mapping
Environmental Hazards of Dumped
Municipal Solid Waste
Khalid Mahmood1,2, Fiza Faizi2, Yilmaz Yildrim3
Abstract
This study tries to establish, purify and emphasize the use of freely available satellite data as an easy and
cost-effective substitute of expensive and time taking ground measurements for assessment of
environmental hazards of openly dumped Municipal Solid Waste (MSW). The study has made use of 55
satellite observations to investigate severity and range of the hazardous influence zone. The average
radius for thermal and bio influence zones measured over a span of four years (2016-2019) is 694 m and
760 m respectively, with maximum lies in spring and winter-II (790 m) and minimum in wet summer and
dry summer (625 m). Whereas annual clamping in the temperature is as 39-21 °C (2016), 35-16 °C
(2017), 34-19 °C (2018) and 36-16 °C (2019). This study concludes that remotely sensed data with the
combination of proper spatial analysis is an optimal mechanism for investigating environmental hazards
of a pollution source.
Keywords: Environmental variables, municipal solid waste, open dumps, satellite remote sensing,
geographic information system.

1. INTRODUCTION
MSW management is a neglected arena of town/city planning across the globe with urban areas throughout
the world facing serious issues regarding waste collection and management (Mahmood et al. 2019). Open
dumping of waste is the most common waste disposal method in majority of urban localities and is big source
of environmental pollution (Duan et al. 2021). The high risks associated with open dumping of MSW make
developing countries most vulnerable to ecological degradation (Mahmood et al. 2017). Almost 85% MSW,
after collection, is disposed of openly without any essential treatment and processing (Kundariya et al. 2021).
Moreover, regarding this critical issue of MSW in developing countries, there is also a lack of relevant
scientific literature and operational management systems. The majority of MSW related studies are restricted
to the domain of waste characterization and only a few focus on analysis of environmental implications of
different waste disposal mechanisms (Mahmood et al. 2019; Kundariya et al. 2021; Mahmood et al. 2022). To
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understand the whole perspective, researchers are increasingly turning towards systemic approach of refined
analysis like system dynamics, social network analysis and data envelopment analysis (Mahmood et al.
2022). An effective MSW management system can reduce the health problems and environmental hazards
resulting from common waste disposal practices (Singh 2019; Sarfraz and Farhan 2021).

2. METHODOLOGY AND ITS MODIFICATIONS
Development on the methodology since its development in 2016 has been shown in figure 1. With
several case studies purification of the method has been made at each step and finally the most improved
version of it is shown here as figure 2.

Figure 1: development and improvement in the assessment strategy

Figure 2: Methodology
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Even the given version of the methodology developed for the version is still under the process of
improvement with more case studies and more observation. This way the concept of development of coast
effective geospatial solutions and purification of the involved spatial analysis is subject to improve with time.
Selection of cloud free image is the starting point and an important one as images with cloud cover can results
into ambiguous reading. The downloaded has been requested to drive vegetation health and thermal indices.
Proximity analysis has resulted into development of vertical profiles.

3. RESULTS
Vertical seasonal profiles for the Mahmood Booti dump have been shown in figure 3 and average results
for range and severity towards surrounding region have been shown in figure 4.

Figure 3: Season/year MSAVI graphs
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Figure 5: Four-year Seasonal Averages

4. CONCLUSIONS
The seasonal average radius for thermal influence zones measured over a span of four years (2016-2019) has
been measured to be 748, 750, 626, 662, 631 and 818 m for winter I, spring, dry summer, monsoon, wet
summer and winter II respectively resulting in an average range of hazardous zone of 694 m, severity ranges
as 39-21 °C (2016), 35-16 °C (2017), 34-19 °C (2018) and 36-16 °C (2019). Whereas the seasonal average
values for bio influence zones as measured using MSAVI as the vegetation health index are 798, 768, 700,
802 and 735 m for winter I, spring, dry summer, monsoon, and winter II, respectively resulting an average of
760 m. A valid observation for we summer due to seasonal absence of any crop. Combining all the Vis and
thermal severity range an average impact range of this source of hazardous emissions is 710 m with its
maximum lies in spring and winter-II i.e., about 790m, whereas minimum range has been found in wet
summer and dry summer I.e., about 625 m. With this demonstration of effectiveness of the proposed
methodology this study concludes that remotely sensed data with the combination of GIS analysis is an
optimal mechanism for studying, investigating, and quantifying environmental hazards of a pollution source.
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How Do Microplastics Coming from Water
Bottles Act in Anaerobic Digesters? - Case of
Pretreatment or Not
M. Dilara Hatinoglu1, F. Dilek Sanin2
Abstract
Some certain types and abundance of microplastics (MPs) in sludge have an evident impact on sludge
stabilization performance of wastewater treatment plants. Depending on the treatment conditions, MPs
can be unintentionally exposed to a harsh environment which can alter their physicochemical
characteristics. For example, polyethylene terephthalate (PET) polymers are sensitive to alkaline and
thermal conditions despite their inherent resilience to natural degradation. Therefore, this study aims to
integrate combined alkaline/thermal sludge pretreatment process with anaerobic digestion and
investigate the fate and effects of PET MPs during these processes. Sixty-days of mesophilic anaerobic
digester operation showed that MPs can increase the methane yield of unpretreated reactors up to a
certain concentration at a statistically significant level. When the pretreatment process is applied to
sludge, methane yield increases by 22.0%, and the impact of MPs on methane yield becomes no longer
observable. Additionally, PET MPs experience changes in their physical and chemical properties
depending on the type of pretreatment technique applied.
Keywords: Anaerobic Digestion; Microplastics; Pretreatment; Sludge

1. INTRODUCTION
Microplastics are minuscule plastic particles (<5 mm) that can transport across environmental compartments
and reach wastewater treatment plants (WWTPs) in multitude amounts. Most modern WWTPs remove MPs
from wastewater line at a rate higher than 90% but unfortunately concentrate them in sludge [1]. Recently, it
has been reported that the operation of anaerobic digesters can be affected by the existence of MPs in sludge,
causing decrease in methane production. Correspondingly, MPs exposed to stress conditions during sludge
treatment processes can experience flaking, shredding, melting, and blistering. Even though plastics are
complex materials hard to be degraded by microorganisms, their exposure to abiotic factors (e.g., heat, light,
mechanical impacts) can trigger some structural changes in plastics making them more prone to
biodeterioration [2]. For example, polyethylene terephthalate (PET) is a semicrystalline thermoplastic
polyester that can be hydrolyzed to a certain degree in alkaline conditions and at high temperatures (>73–
78°C) [3]. This study aims to investigate whether pretreatment processes applied for sludge minimization and
1
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biogas enhancement can act similarly to abiotic factors mentioned and lead to deterioration of PET MPs.
Furthermore, the study reveals the impact of combined alkaline thermal pretreatment on anaerobic digester
performance in the existence of PET MPs at different concentrations.

2. MATERIALS AND METHODS
The model PET MPs were obtained by cutting water bottles into square shapes using scissors. Then, the
particles were passed through a series of sieves to obtain MPs in sizes of 250-500 µm. In the first part of the
study, waste activated sludge (WAS) solubilization efficiency of three different pretreatment techniques (i.e.,
alkaline; thermal, THP; and combined, ATHP) were tested in varying conditions by monitoring soluble COD,
of WAS. In the second part of the study, biomethane potential (BMP) reactors of pretreated and unpretreated
sludges spiked with 0, 1, 3, 6 mg PET MPs/g TS were set up and operated for 60 days under mesophilic
conditions. Reactors were monitored for gas production throughout their operation. At reactor termination,
digester performance as well as plastic characteristics were analyzed.

3. RESULTS AND DISCUSSION
3.1. Sludge Pretreatment
Table 1 shows the WAS solubilization efficiencies achieved by 0.5 M alkaline (NaOH and KOH)
pretreatment and THP at 127˚C and 1.7 bar with respect to time. In five days, disintegration degree (DDCOD)
reached to 81% by alkaline pretreatment. Monitored sCOD value and DDCOD continued to increase with a rate
slowing down over the five days. Considering the most evident impact, two days of 0.5 M alkali pretreatment
providing 47.8-folds increase in soluble COD was selected to be used in the next steps of the work.
Furthermore, as the duration of separate THP at 127°C was prolonged, the degree of COD solubilization
increased only slightly and reached to a DDCOD of 19% at a maximum. Although there was no notable
difference between the efficacy of treatment times beyond 30 min, 120 min was selected to be used in further
steps as the main purpose was exposing MPs to stress conditions before anaerobic digestion.
Table 1. Results of separate alkaline and thermal applications

Alkaline Pretreatment at 0.5 M
Time
sCOD
DDCOD*
Time
(days)
(mg/L)
(%)
(min)
0
378±8
0
0
1
15543±94
61
30
2
18026±121
71
60
3
19305±88
76
120
4
19595±258
77
5
20631±47
81
*DDCOD: Disintegration degree; Determined according to [4].

THP at 127˚C
sCOD
(mg/L)
4245±10
7517±196
7800±30
8340±30

DDCOD*
(%)
0
15
16
19

For ATHP, sludges pretreated by 0.5 M alkali for two, four and five days were hydrolyzed at 127°C for 120
min. Figure 1 showed that two days of alkaline pretreatment can be improved with the addition of thermal
hydrolysis, however, when the time of alkaline application was longer than two days, the contribution of the
subsequent THP became very small. For this reason, two days of alkaline application was selected for ATHP,
and altogether the pretreatment resulted in a 54.8-folds increase in sCOD (from 372.0 mg/L to 20,396 mg/L)
and DDCOD of 79%.
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Figure 1. Effect of alkaline pretreatment duration on sCOD during separate and combined pretreatment applications

MPs extracted from pretreated sludges after alkaline pretreatment (0.5M for 2 days), THP (127°C for 120
min) and ATHP were analyzed for changes in physical and chemical structure by evaluating their FTIR
spectra and SEM micro-photographs comparatively with control samples. PET exposed to different
pretreatment processes experienced varying levels of changes in different regions of the polymer structure,
which differentiates the impacts of thermal and chemical stress factors. Both alkaline pretreatment and THP
caused an overall decrease in the absorption intensity of PET. Crystallinity, which is also an indicator of
density, increased with pretreatment; highest with THP and followed by ATHP. Alkaline pretreatment, on the
other hand, did not cause a significant change. Alkaline conditions are known to alter the surface properties of
PET leaving the bulk properties unchanged [5]. Therefore, heat application is thought to be the mechanism
governing the increase in crystallinity of ATHP pretreated PET. This is possibly due to the formation of new
crystalline zones in polymer’s structure from the breakdown of branches in backbone and bending on
themselves.
Figure 2 shows the surface morphology of PET MPs before and after exposure to sludge pretreatment
processes. It is evident that MPs exposed to alkaline environment experience a strong surface peeling in
comparison to untreated samples. This will likely cause tiny particles to detach from their surfaces, meaning
that more MPs are released into sludge. Furthermore, THP seems to cause the corners of the square-shaped
MPs to expand outward compared to those of untreated MPs. When they were combined, the notable peeling
effect caused by alkaline pretreatment diminished to a great extent, possibly due to the heat applied
afterwards. The expanded MPs lost the previous changes occurred on their surfaces and reform. Still, the
cross-sectional layers appeared after combined pretreatment can increase the bioavailability of PET, which
further influences their fate during anaerobic digestion.

Figure 2. SEM images of PET MPs before and after pretreatment at x1000 and x3000
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3.2. Anaerobic Digestion
Figure 3 showed that R0 (containing unpretreated sludge without MPs) produced the lowest amount of
methane since the early stages of digestion. R3, containing middle dose of MPs, yielded the highest methane
production, which was followed by R6, R1 and R0, in decreasing order. Even though methane production of
R3 was significantly different than others, those in R0, R1 and R6 did not significantly differ from each other
(p>0.05). So, the presence of PET MPs non-linearly enhanced the biogas and methane production; and there
seems to be an optimal dose (3 mg/g TS) of that for the highest gas production. There was a rather dynamic
trend for pretreated reactors over 60 days compared to unpretreated reactors, yielding 22.0% higher
cumulative methane production at reactor termination. Pretreated reactors started to produce gas with a slowresponse resembling a lag-period for about 10 days. This is thought to be caused by the need of seed
microorganisms for an adaptation to high doses of mainly Na+ ions. The impact of PET MPs on cumulative
methane production seen in unpretreated reactors were not observed in pretreated reactors. This was
attributed to the solubilization efficiency of the pretreatment process exerting a predominant effect over that
of PET MPs. The average cumulative gas production in each reactor set at reactor termination, as well as the
calculated methane yields are shown in Table 2.

Figure 3. Cumulative methane production of both pretreated and unpretreated reactor sets (R0P, R1P, R3P, R6P are the
pretreated reactor sets with 0, 1, 3, 6 mg PET/g TS, respectively; R0, R1, R3, R6 are the unpretreated reactor sets with 0, 1,
3, 6 mg PET/g TS, respectively; and SM is the seed control reactor set)

Table 2. Cumulative gas production, methane yield and ROS production in each reactor set

Reactor
Cum.
Cum.
Methane yield
ROS
set
biogas (mL)a
CH4. (mL)a
(mL CH4/g VS added)
(% relative to controlb)
291±1
100
470±4
331±2
R0
299±6
109.6±7.6
481±13
340±7
R1
306±2
115.7±12.2
478±5
347±2
R3
301±7
95.4±2.7
479±5
342±8
R6
356±5
100
536±11
404±6
R0P
354±2
101.9±20.1
551±2
402±2
R1P
355±5
114.0±5.1
555±4
402±6
R3P
358±4
123.1±6.1
562±4
406±5
R6P
a
Volume of gas produced in seed control set (SM) was subtracted from that of each sample reactor.
b
Control is the amount of ROS in R0 and R0P for untreated and pretreated sets, respectively.
Furthermore, the table shows the amount of reactive oxygen species (ROS) in pretreated and unpretreated
reactor sets relative to control. In contrast to the literature, no relationship was observed between ROS and
methane production in this work and regardless of whether there was a pretreatment process, PET MPs
induced the formation of ROS during digestion. This might be due to moderate ROS concentrations that
microorganisms can protect themselves through inherent antioxidant system.
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Both untreated and pretreated PET experienced an overall decrease in absorption intensity after anaerobic
digestion process in their FTIR spectra. Since a similar trend was also observed after sole pretreatment, it can
be said that both physicochemical (i.e., pretreatment) and biological (i.e., anaerobic digestion) stress factors
alter the chemical structure of PET. Moreover, the impact of anaerobic digestion on crystallinity was very
small compared to the impact of ATHP. While sixty-days of anaerobic digestion process did not significantly
change the crystallinity of unpretreated PET, ATHP led to an increase by 13.0%. Similarly, the digestion
process did not further increase the crystallinity of pretreated (i.e., already crystallized) PET MPs. It can be
said that the crystallinity level of PET does not change after digestion regardless of being pretreated or not.
Initial state of PET mattered when the impact of digestion on carbonyl index is examined. Untreated PET did
not experience a significant change in its carbonyl index after digestion. Pretreated PET, on the other hand,
appeared with a 12.0% decrease following the digestion process. Figure 5 shows that there was an observable
predominant impact of digestion, giving the MPs a squashed surface appearance and decreased surface
thickness at some points. These images supported the current claim that MPs pretreated prior to anaerobic
digestion becomes more prone to microbial attack.

Figure 5. SEM images of PET MPs before and after anaerobic digestion

4. CONCLUSION
The fate and effects of PET MPs during pretreatment associated anaerobic digestion were investigated for the
first time in literature. Pretreated reactors with ATHP produced statistically higher amounts (22.0%) of
methane than non-pretreated ones regardless of the MPs dose. This can be attributed to that pretreatment
process overwhelmed the impact of MPs on digesters. In contrast, the dose of MPs significantly affected the
methane yield of non-pretreated reactors. Both crystallinity and carbonyl index of MPs showed smaller
changes by anaerobic digestion compared to more dramatic effect of sole ATHP. Since crystallinity of a
polymer is related to its density; it can be stated that both pretreatment and digestion processes can alter the
density of PET, which may further influence their fate in different environmental compartments. Also, as an
indicator of alterations in functional groups on MPs surfaces, change in carbonyl index can denote the
mechanisms by which PET interact with synthetic organic contaminants or microorganisms in the
environment. With pretreatment, surfaces may become more hydrophobic or hydrophilic. Considering the
persistent toxic contaminants coexisting with MPs in sludge, pretreatment processes may affect their
interaction, as well as the interactions with microbial flora. Therefore, it is of great importance for further
studies to investigate these in anaerobic digesters as many countries in the world continue land application of
biosolids.
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Examination of Nylon Microplastics Under
Mesophilic and Thermophilic Anaerobic
Digestion Process
İrem Şimşek1, F. Dilek Sanin2
Abstract
Microplastics (MPs), defined as plastics smaller than 5 mm in size, reach wastewater treatment plants
(WWTPs) in high amounts and accumulate in sludge. Studies show that they may have a positive or
negative effect on anaerobic digestion depending on the polymer type. This study aims to determine the
fate of polyamide-6 MPs in anaerobic digestion process and evaluate their effects on the process.
Polyamide-6 is one of the most common polymer types encountered in WWTPs. Different doses,
specifically 0, 10, 30, 60, 100, and 200 MP/g TS, were investigated in biochemical methane potential
(BMP) test reactors to understand the dose effect. The reactors were operated under mesophilic (35°C)
and similarly thermophilic (55°C) conditions. Results showed that the effect on methane production
varied with the dose or the temperature mode that the reactors were operated. For example, methane
amount has increased for the highest dose (200 MP/g TS) and for the lowest dose (10 MP/g TS)
compared to no PA6 added reactor at the end of 60 days of operation under mesophilic condition. On the
other hand, thermophilic conditions has more pronounced effect on gas production and the impact that
MPs bring.
Keywords: Anaerobic Digestion; microplastics; polyamide

1. INTRODUCTION
As wastewater is being treated in wastewater treatment plants (WWTPs), large quantities of sludge are
produced. Wastewater sludge contains concerning pollutants such as microplastics (MPs), plastics smaller
than 5 mm in size [1]. MPs have gained increasing attention due to their ever-increasing quantities, adverse
effects on organisms, especially marine biota, and easy transfer between different environmental systems.
According to the report published by PlasticsEurope [2], plastic production reached 367 million tonnes
worldwide. However, only 6-26% of the produced plastics are recycled, and only 21-42% of them are sent to
landfills, indicating the massive amount of waste plastic released into the environment [3]. Therefore, a high
portion of the produced plastics become waste after their usage, and due to their high resistance to
degradation, they accumulate in the environment [4]. The digestion of MPs by organisms can cause
inflammation, oxidative stress, and reduction of feeding due to false satiation [5]. It can also be a medium for
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biofilm formation by pathogens or antibiotic-resistant bacteria. MPs also can adsorb chemicals because of
their high surface area to volume (A/S) ratio [6].
The journey of MPs in the environment generally finishes by reaching to WWTPs. Although studies show
that MPs' unintentional removal from wastewater in WWTPs can reach up to 99% [7], they accumulate in
sludge, which creates an additional pathway of spread and concern, especially for land application of
biosolids. In sludge treatment, anaerobic digestion (AD) holds a special place as a self-sustaining stabilization
system with renewable energy production. Recent studies have shown that the presence of MPs can affect the
AD process. However, information on this topic is limited; especially for thermophilic AD, there is no
information.
Polyamide-6 (nylon or PA6) is one of the most common polymer types encountered in WWTPs since it is one
of the most produced microfiber type MPs worldwide [7]. Along with the high occurrence of PA6 in WWTPs
and sludge, its monomer caprolactam (CPL) may leach during anaerobic digestion, harm the process, and
affect methane production. In a previous study conducted by Chen et al. [8], PA6 MPs with 5-50 particles/g
total solid (TS) were evaluated in lab-scale mesophilic AD. This study showed a positive effect of PA6 on the
AD process at specific doses, but the researchers stated that further doses should be investigated. The present
study, different from Chen et al.'s study, aims to determine the fate of PA6 MPs in both mesophilic and
thermophilic AD and evaluate their effects on the process over a much wider MP dose range.

2. MATERIALS AND METHOD
Biochemical methane potential (BMP) reactors were used to investigate the effect of PA6 on AD. For this
purpose, a fishing line fabricated from PA6 was chosen since it was reported to be one of the most common
uses of PA6 [2]. Plastics were cut into 425-500 µm sizes and then used in BMP reactors. Triplicate reactors
were set up by mixing waste activated sludge (WAS) and anaerobic digestion sludge (ADS) at an F/M ratio
of 1 and a TS value of 2%. BMP reactors were set up with 250 mL amber bottles having 200 mL of active
volume and 50 mL headspace. Then different doses of PA (10, 30, 60, 100, and 200 MP/g TS) were added to
the mixture of WAS and seed. The doses were selected according to the study of Chen et al. [2], proposing
higher doses than 50 MP/g TS to observe the fate and effect of PA-6 during AD. For this purpose, 100 and
200 particles/g TS doses were added. The abiotic reactors were also set. This way, 13 sets of reactors were
operated at mesophilic (35°C) and another 13 sets under thermophilic conditions (55°C) for 60 days each. As
performance parameters of the reactors, TS, volatile solids (VS), total suspended and volatile solids (TSS and
VSS), chemical oxygen demand (COD), soluble COD (sCOD), soluble protein, carbohydrate, and pH values
are measured in the setup and termination processes. As a result of the difference between initial and final
values, TS, VS, and COD reduction are reported as percentages. In addition, all reactors were monitored for
biogas production throughout their operation. Their biogas content was determined using a Gas
Chromatograph (Agilent Technologies, California, USA) with a thermal conductivity detector (TCD). At
reactor termination, the characteristics of plastics as well as sludge properties were analyzed. Fourier
transform infrared imaging (FTIR), and scanning electron microscope (SEM) results are interpreted for
polymer analysis.
The reactor sets' methane yield is calculated based on Equation 1 below.
!!"# =

$"#!%&'!()*+ -!).*(! /%0123!1 (5)

(1)

711!1 89 (:;)

2.1. Mesophilic BMP Reactors
First, the mesophilic BMP test is conducted at 35°C. The characteristics of WAS and ADS used for the
mesophilic BMP test are given in Table 1.
Table 1. The Characteristics of WAS and ADS for Mesophilic Reactors
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Sludge

TS (g/L)

VS(g/L)

TSS (g/L)

VSS (g/L)

COD (mg/L)

sCOD (mg/L)

pH

WAS
ADS

19.1±0,1
20.83±0,1

13.01±0,3
11.28±0,1

16.71±0.2
19.58±0.1

13.36±0.2
11.02±0.1

22190±37.1
22950±25.4

634.5±0.7
655±1.4

7.2
8.1
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The reactor labels with corresponding doses of PA6 are as given in Table 2.
Table 2. Mesophilic BMP Reactor Sets with Their Corresponding PA6 Doses
Reactor Sets

Biotic Reactors

Abiotic Reactors

Seed Control

Mesophilic BMP
Reactors
R0M

Thermophilic BMP
Reactors
R0T

R10M

R10T

10

R30M

R30T

30

R60M

R60T

60

R100M

R100T

100

R200M

R200T

200

C0M

C0T

0

C10M

C10T

10

C30M

C30T

30

C60M

C60T

60

C100M

C100T

100

C200M

C200T

200

SM

ST

0

MP/g TS
0

2.2. Thermophilic BMP Reactors
Second, the thermophilic BMP test is conducted at 55°C. An acclimation procedure was followed to achieve
a stable methane-producing thermophilic seed. The same treatment plant's mesophilic seed used in the
mesophilic BMP test was used to acclimate. For this purpose, 2.5 L of duplicate fed-batch reactor systems
(Acclimation Sludge-1 and 2; AS-1 and AS-2) were conducted by increasing the temperature from 35°C to
55°C in one step. The solids retention time (SRT) was adjusted to 14 days. Until the methane production of
the reactors became stable, the reactors were kept feeding. The system became stable at the end of the fifth
SRT, as seen in Figure 1. The reactor sludges were mixed and used as ADS (seed) in the thermophilic BMP
reactors.
800,00
700,00

Methane (mL)

600,00
500,00
400,00

AS-1

300,00

AS-2

200,00
100,00
0,00

0

14

28
42
Time (Days)

56

70

Figure 1. Daily Methane Production of Thermophilic Acclimation Reactors

After achieving the acclimation of seed, reactors were set up. WAS was obtained from the same treatment
plant, and the characteristics of ADS and WAS are given in Table 3.
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Mixing Effect on Bio-Methanation and
Dewaterability of Primary and Secondary
Sludge
Dilek Erdirençelebi1, Recep Yiğit
Abstract
Biomethanation and dewaterability characteristics of primary (PS) and secondary sludge (SS) fractions
were assessed after anaerobic stabilization under parallel batch and continuous mixing conditions at
35℃ in order to investigate the performance of the separate digestion system. Similar methane
conversion/yield values were obtained for PS and SS, while continuous mixing and 35℃ have been
evaluated as optimal for methane production in PS digestion. Continuous mixing resulted in 50%
increased methane yield (600(+/-100) mL/g VSadd.d. SS sludge digestion produced comparable methane
yield at 650(+/-100) mL/g VSadd.d showing no effect due to mixing pattern. Settling and dewaterability
characteristics of the stabilized PS were superior to stabilized SS samples. A reverse relationship was
obtained between settling characteristics and dewaterability for both sludge types.
Keywords: Sewage sludge, anaerobic digestion, biosolid, settleability, dewaterability, mixing.

1. INTRODUCTION
Sewage Primary (PS) and secondary sludge (SS) fractions are produced in high volumes and mixed to be
thickened and then digested in anaerobic rectors as the most common strategy in the municipal wastewater
treatment plants (WWTPs) despite they possess different biodegrading and dewaterability characteristics [1].
The biogas produced as a result of partial reduction in the volatile solid (VS) content is used in the electric
generation and contribute to the recovery of the operational costs. Many upgrading approaches deal with the
minimization of the sludge volume, augmentation of the biological stabilization and dewaterability degree
[2].
Dewaterability of sewage sludge affects the daily chemical dosage and produces a major cost in the sludge
line of the WWTPs. Dewaterability of sludges depends on many factors as particle size distribution, bound
water, protein, fat and carbohydrate content whereas for secondary sludge, produced as the waste biological
sludge, floc-structure and extra polymeric substances (EPS) play a major role in the water release in the
decanters.
In biological treatment systems, it is important to mix the reactor to ensure efficient contact of the substrate
with biomass. The mixing process is an important parameter that affects the efficiency and biochemical
reaction times of the reactor. There are many advantages for anaerobic digesters in the mixing process; the
1
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homogeneity of organic/volatile matter and biomass, prevention of dead spaces, efficient contact of
microorganisms with the substrate. In particular the rate of anaerobic hydrolysis increases, the methane gas
produced by methanogens strips out more easily, lower retention time is needed compared to non-stirred
reactors. Efficiency of the biogas production can be increased by 50% due to dilution+homogenization effect
on the inhibitory products enhancing microbial reactions [3]. Contrarily, batch/intermittent mixing can
improve the syntrophic relationship between methanogens and acetogens in the biomass and improve
degradation in the case of fat-oil-grease (FOG) matter through lessening the degree of inhibition by long
chain fatty acids [4]. As a result, methanogenic activity can proceed at a higher level in the batch than
continuous mixture.
In this study high fat containing PS and SS samples were anaerobicly digested and the final stabilized sludge
fractions were comparatively evaluated based on dewaterability (chemical costs), conductivity (potential for
land use) and volatile solid content (carbon content) as well as digestion performance in terms of methane
yield. The outcome is aimed to indicate the mixing pattern’s impact and different biodegradability and final
biosolid quality that affect directly the operational costs and the advantage of separate sewage sludge
digestion system.

2. METHODOLOGY
The experimental study was conducted in semi-continuous lab-scale reactors with 2000 mL total volume in
parallel as continuous and intermittent mixing for PS and SS digestion at 35℃. PS samples were collected at
the outlet of the primary settlers in the Konya municipal WWTP. SS was collected from the sludge return line
in the activated sludge unit. Inoculum sludge was grown in a previous study with sewage sludge digestion.
Continuous mixing was provided by magnetic stirrers at 150 rpm placed (PS-K and SS-K) under the water
bath whereas parallel digesters (PS-A and SS-A) incubated were subjected to intermittent mixing during the
day time. Organic loading rates (OLR) applied to PS and SS digestion were 0.48 and 0.28 kg VS/m3.d,
respectively. Hydraulic retention time (HRT) was 20 d for all the reactors. Anaerobic digestion performance
was monitored by methane production via liquid displacement method and stabilized biosolid quality was
determined as volatile solids (VS-2540 E), conductivity (WTW İnolob Cond 7110), settleability (SVI-2710
D) and dewaterability as capillary suction time (CST (2710 G) and time-to-filter (TTF)(2710 H) according to
standard methods [5].

3. RESULTS
The anaerobic performance of PS digestion in the intermittent mixing produced the lowest methane yield at
400(+/-200) mL/g VSadd.d (Fig. 1-a). Continuous mixing resulted in 50% increased methane yield (600(+/100) mL/g VSadd.d. SS sludge digestion produced comparable methane yield at 650(+/-100) mL/g VSadd.d
showing no effect due to mixing pattern (Fig. 1-b). Higher methane yield was correlated higher hydrolysis
degree in the continuous mixing condition.
Volatile solid (VS) concentration of the stabilized PS stabilized at 8000(+/-1500) mg/L in the end of 30 dperiod showing no mixing effect and higher biomass content supported the high biodegradability of raw PS in
comparison to SS digestion where VS concentration continuously dropped (Fig. 2). Low VS (biomass)
content supported low biodegradability, thus, resistance of raw SS to the reducing hydrolytic environment of
anaerobic digestion. No mixing effect was observed.
As the final biosolid quality, the conductivity of the stabilized PS showed a high level (5.2-5.2 mS/cm)
compared to stabilized SS at 4.0 and 4.3 mS/cm in the continuous and intermittent mixing conditions,
respectively. The low level for SS indicated suitability for limited land use. Mixing pattern affected the ion
load of the SS biosolid meaning that higher microbial synthesis was promoted in continuous mixing
compared to low degree mixing.
Mixing pattern was significantly effective on settling property as low degree mixing resulted in lower Imhoff
settling volume and SVI as 98 mL/200 mL and SVI 64 mL/g compared to 145 mL/200 mL and 82 mL/g for
stabilized PS (Figure 4). A similar trend but higher values of Imhoff settling volume and SVI as 150 mL/200
mL and SVI 182 mL/g compared to 170 mL/200 mL and 200 mL/g for stabilized SS indicated much lower
settleability character compared to stabilized PS.
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(a)

(b)

Figure 1. Methane yield values in (a) PS and (b) SS digesters

Figure 2. VS Concentration of the digesters and the stabilized sludge

(b)

(b)
205

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

Figure 3. Conductivity of the stabilized sludges

Contradictorily dewaterability of the final stabilized PS occurred at very different levels as CST:77-84 s and
TTF: 844-917 s in the intermittent mixing and CST: 19-20 s and TTF: 560-618 s in the continuous mixing
pattern as a significant difference in water release abilities. For stabilized SS samples, low mixing produced
higher CST (93-100 s) and TTF (1685-1702 s) values than continuous mixing as CST:71-74 s and TTF (8901160 s) values. Continuous mixing promoted dewaterability for stabilize SS sludge whereas decreased the
ability in PS digestion effluent. When compared with mixed sludge digestion, parallel settling characteristics
were obtained where intrusion of the PS ameliorated SS’s settling ability significantly in the stabilized mixed
sludge as well as in dewaterability as closer values to stabilized PS and positive effect of continuous mixing
were obtained.

Figure 4. Imhoff settling and SVI values for stabilized PS and SS samples

4. CONCLUSIONS
A parallel relation was obtained between mixing density and methanogenic activity+dewaterability with a
negative impact on the settleability of the stabilized sludges in PS and SS digestion. Settling and
dewaterability characteristics of the stabilized PS were superior to stabilized SS samples. A reverse
relationship was obtained between settling characteristics and dewaterability for both sludge types. A bulkier
settling sludge presented a faster water release both in the absence and presence of vacuum force in CST and
TTF, respectively. PE addition did not enhance settleability at a significant level up to 12 g/L sludge.

206

REFERENCES

EurAsia Waste Management Symposium 2022 Instructions for Authors
Dilek Erdirençelebi, Recep Yiğit

[1]. Tchobanoglous, G., Burton, F.L., Stensel, H.D., , Wastewater Engineering: Treatment, Disposal and Reuse. New
York, Mc Graw Hill Press, 2003.
[2]. G. Mininni, A.R. Blanch, F. Lucena, S. Berselli, “EU policy on sewage sludge utilization and perspectives on new
approaches of sludge management,” Environ Sci. Pollut. Res., Vol.22, pp. 7361–7374, 2015.
[3]. İ. Öztürk, İ., Anaerobik Arıtma ve Uygulamaları. İstanbul, Su Vakfı Yayınları, 2007.
[4]. M. Kim, Y.H. Ahn, and R.E. Speece, R.E., “Comparative process stability and efficiency of anaerobic digestion;
mesophilic vs. thermophilic,” Water Research, vol.36, pp.4369–4385, 2002.
[5]. A.P.H.A., Standard Methods for the Examination of Water and Wastewater, twenty first ed. American Public Health
Association (APHA), American Water Works Association (AWWA) and Water Environment Federation (WEF),
Washington, 2005.

BIOGRAPHY
Dilek Erdirençelebi works as a professor at Konya Technical University Environmental Engineering
Department.
Erdirençelebi received her BSc in Environmental Engineering in 1991 from İstanbul Technical
University, İstanbul, Turkey, her MSc in Environmental and Water Resources Engineering in 1994
from Vanderbilt University, Tennessee, USA and her PhD in 1999 from İstanbul Technical
University Environmental Engineering Department. Her research areas are anaerobic process,
WWTPs, biological nutrient removal, optimization.
She may be contacted at derdirencelebi@ktun.edu.tr

207

Long Chain Fatty Acids in Sewage Sludges
Dilek Erdirençelebi1
Abstract
Sewage sludge produced in municipal wastewater treatment plants (WWTPs) is stabilized to produce
methane/energy and a final stabilized biosolid suitable for land use using anaerobic digestion (AD)
process. Oil, grease and lipid matter (OGLM) present in the sewage sludge and their products, long
chain fatty acids (LCFA), are not monitored qualitatively and quantitatively for their contribution or
inhibition to methane production during the process. AD is designed and operated based on average
volatile solid (VS) removal criteria. LCFA can be both present in the sewage sludge and produced as
intermediate products during the hydrolysis of OGLM. According to the results, the most common and
highest presence belonged to palmitate (C16:0) and total LCFA occurred up to 11963 and 927 mg/L in
PS and SS, respectively. Common LCFA species were laurate, myristate, palmitate, stearate, oleate and
elaidate. The level in the mixed sludge complied with the inhibitory threshold values neglecting the
accumulation in the anaerobic digesters.
Keywords: Sewage sludge, anaerobic digestion, long chain fatty acids, inhibition

1. INTRODUCTION
Sewage sludge produced in municipal wastewater treatment plants (WWTPs) contains fatty matter from both
municipal and industrial origins constituting the oil, grease, lipid matter (OGLM) and long chain fatty acids
(LCFA) content of the municipal wastewater [1]. OGLM is a standardized parameter for wastewater
discharges into the sewage collection system due to its clogging effect in the pipeline and toxicity towards the
biological treatment units in the end of the sewage system. OGLM tend to adsorption on the particulate
matter and mostly settles out with the sewage sludge. Organic stabilization of the sewage sludge through
anaerobic digestion (AD) converts 40-50% of volatile solids (VS) into methane and CO2 gas providing a
considerable recovery of energy in a 18-25 d of hydraulic retention time (HRT) reducing high operational
costs in municipal WWTPs [2,3]. OGLM is converted with a higher yield to methane (1 m3/kg) compared to
proteins (0.63 m3/kg) and carbohydrates (0.42 m3/kg), therefore, it is a favorable waste type for AD [1].
Optimum process performance needs to be determined based on process parameters in relation to LCFA
threshold values.
LCFA is not a routine parameter monitored qualitatively and quantitatively in the sewage sludge fractions and
effluent stabilized sludges. They are present in the raw sewage sludge and produced as intermediate products
during the anaerobic hydrolysis of OGLM. Scum formation was related to LCFA as an operational problem
in anaerobic digesters [4]. Inhibition was mostly related to high C-number LCFA (>C10) as they accumulated
in the sludge due to slow degradation. Toxicity for oleate and stearate at 0.5 and 1.0 g/L concentrations,
respectively, was not recovered by aceticlastic methanognes [5]. A concentration range of 1.154-1.55 g/L for
1

208

Konya Technical University Environmental Engineering Department, 42250, Selçuklu/Konya derdirencelebi@ktun.edu.tr

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
capric acid (C10) was reported as the toxicity threshold value for aceticlastic methanogens [6]. Alves et al.
concluded that anaerobic biomass tolerated LCFA concentration up to 1 g COD-LCFA/L through microbial
adaptation [4]. Toxic effect followed substrate inhibition pattern [7]. A low concentration range of 40-100 mg
LCFA/L reported in the sewage sludge by Quémeneur and Marty was not representative as different types
and levels of LCFA can be found depending on the urban activities (local food sector) and industrial
wastewater intrusion [8]. LCFA that was detected at the highest amounts in wastewater and wastes were
determined as oleate (C18:1) and linoleate (C18:2)[4]. The types and concentrations of LCFA vary according
to the type of industrial origin. For example, oleate, linoleate, palmitate and stearate occur in the proportions
of 37, 13, 27 and 7%, respectively, in the composition of the dairy industry wastewater while other species
may be present only at the level of 16% in total [4]. Palmitate and stearate are found in high concentrations in
slaughterhouse wastewater and stearate is found in domestic wastewater from vegetable oil. Palmitic,
palmitoleic and eicosapentaenoic acids are found at a high level in palm and fish oils. As the chain length-C
number of LCFA augments, their solubility in water decreases and tendency to adsorption on solids/particles
increases. In municipal WWTPs, LCFA is found adsorbed on to the primary sludge (PS) in the presedimentation unit and secondary (waste biological sludge) sludge (SS) in the biological treatment unit.
LCFA concentration is expected to rise through sludge thickening where PS and SS are mixed and thickened
to increase the VS content in the feed to anaerobic digesters.
In this study, as sewage sludge is formed as two fractions, the LCFA’ qualitative and quantitative contents
were determined and evaluated in the PS and SS samples over a 2-year period.

2. METHODOLOGY
The samples were taken from the pre-settling tank’s sludge outlet and the sludge recycle of the biological
treatment unit for primary and secondary sludge, respectively, in the municipal wastewater treatment plant
which serves an equivalent population of 1.2 million. They contained a high level of oil and grease as
presented in the Table 1. Drying and esterification procedures were carried out for LCFA analysis in sludge
samples. The sludge drying method was developed by Neves et al. and was applied at 85℃ for 12 h [8].
According to Sönnichsen and Müller (1999), LCFA esterification was carried out on a 20 mg of dry sludge
sampled which was weighed and mixed directly with the methanolic HCl, methanol and hegzan and
esterification process was performed for 1 h at 100℃ [9]. After the addition of hegzan and water, the upper
filtrate phase of 1 ml was directed to GC/FID analysis (Shimadzu 17A VP3 and Agilent FFAP 30 m x 0.250
mm x 0.25 µm capillary column). Supelco C8-C22 (CRM18920) and 37 Component FAME Mix
(CRM47885) standards were used for identification and confirmation of the LCFA. Standard methods for VS
(2540 E) and oil and grease (5520-E soxhlet extraction) were applied to PS and SS samples [11].
Table 1. Characterization of the sewage sludge samples
Sludge

pH
6.3-7.0

TS
(g/L)
40-60

VS
(g/L)
25-35

PS
SS

7.2-8.0

7-10

6-8

Oil and grease
(%VS)
66-75
29-35

3. RESULTS
In this study, LCFA species obtained in raw sludge samples were determined at a very high level in PS
samples compared to SS in terms of concentration and number of species (Figure 1 a-b). Total number of 16
species in PS outnumbered 11 of SS also in concentration. Total LCFA occurred up to 11963 and 927 mg/L
in PS and SS, respectively. Palmitate was the most common and highest concentration LCFA found in both
PS and SS samples reaching 40-55% of the total LCFA concentration. It is likely that high levels of
unsaturated C-18 LCFAs in oil-grease materials are converted to palmitate as a result of hydrolysis and
hydrogen saturation reactions in wastewater and PS samples. Stearate and oleate were second and third in the
quantity and frequency which were higher in the months of summer compared to other seasons. Palmitate
ranged between 1800-4400 mg/L in PS samples whereas stearate occurred mostly under 1000 mg/L with
some peaks reaching 2000 mg/L in the summer months and oleate ranged below 250 mg/L with peaks
reaching 1000 mg/L in the summer time. The other common LCFA were myristate (6-11%), palmitoleate (19%), elaidate (3-4%), laurate (2-3%), linoleate (1-5%) and pentadecanoate (%1-2). Two heavy LCFAs with
C22 and 24 were detected at 1500-2000 mg/L and 500 mg/L occasionally, in the summer months, indicating
mineral oil intrusions into the wastewater.
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Figure 1. LCFA detected in (a) PS and (b) SS as concentration

Palmitate, stearate and oleate ranged at 100-450, 80-170 and 44-100 mg/L in SS samples independently from
time of the year (Figure 1-b). Palmitate was obtained below 1/10th compared to PS making 26-51% of the
total LCFA. All LCFA except palmitoleate were at low concentration ranges in the summer months. Similar
percentages were obtained for LCFA except palmitoleate, oleate, elaidate. Descending order in concentration
was as stearate, oleate, myristate, palmitoleate, elaidate and linoleate (40-57 mg/L), laurate, hepta- and
pentadecanoate. The highest number of C was 20 as arachidate at a very low concentration detected
occasionally. Total LCFA concentration range (186-927 mg/L) was large but in competence with anaerobic
biomass tolerance. The pattern of LCFA was similar to PS at a lower level in concentration and number and
also significant in that LCFA rather than OGLM was transported to the biological activated sludge unit in the
WWTP. Palmitate’s highest presence was opposite as in summer in PS and winter in SS.
When PS and SS are mixed in the sludge thickeners the LCFA concentration sum up to a range of 1907-7275
mg/L for which a conventional dilution rate (1/HRT) of 0.05(+/-0.005) complies with the threshold values if
their accumulation in the digester is neglected (Table 2). Slow degradation of high-C number LCFA will
result in accumulation to some degree in the anaerobic digesters.
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Table 2. LCFA concentrations (mg/L) in the mixed sludge after thickening

LCFA
Laurate (C12:0)

57

Aug
18
134

131

104

42

60

Myristate (C14:0)

158

458

400

377

143

188

Penta decanoate (C15:0)

31

80

66

68

30

41

37

1174

3237

2561

2749

1198

1415

1535

82

69

91

Palmitate (C16:0)

Jan 18

Aug 18

Sep 18

Palmitoleate (C16:1)

42

Heptadecanoate (C17:0)

21

Stearate (C18:0)

474

1256

940

cis-9-oleate (C18:1n9c)

199

617

trans-9-elaidate
(C18:1n9t)
Linoleate (C18:2n6c)

83

323

137

Arachidate (C20:0)

33

cis-11-eicosenoate
(C20:1n9)
cis-5.8.11.14.17eicosapentaenoate
(C20:5n3)
Behenate/docosanoate
(C22:0)
cis-4.7.10.13.16.19docosahexaenoate
(C22:6n3)
Lignocerate (C24:0)

37

268

Total

2738

Jan 19

Mar 19

Apr 19 Apr
19
61
46
197

4

64

43

24

31

29

48

480

616

624

505

21

165

246

242

289

11

62

90

91

120

91

10

6

106

84

46

39

4

29

28

39

47

28
30

30

24
875

118
36
844
140
7
331
186
73
97
29

1237
69

7275

6356

3483

2183

2984

3012

1907

4. CONCLUSIONS
The results indicated a significant adsorption and accumulation pattern in the PS solids pointing out to both
industrial intrusion of heavy mineral oils banned from discharge and dense social activities such as dense
food/restaurant sector having a high usage of vegetable oils and animal fat in a highly populated metropolitan.
The concentration levels in PS are above inhibitory levels for any biological process and the necessity and
role of dilution for feeding anaerobic digesters gain a crucial importance as high hydraulic retention times are
needed for maximizing the dilution and biodegradation time, thus, efficiency, as non-degraded LCFA will be
present in the final stabilized biosolid and affect their final disposal method.
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Co-Digestion Potential of Different Industrial
Sludge Sources and Impact on Energy
Recovery
Melek Sebnem Caliskan-Temel1, Cigdem Yangin-Gomec1*
Abstract
Co-digestion potential of the wastewater treatment sludges produced at two industries with different
characteristics was investigated in anaerobic batch reactors operated at mesophilic (35±2 °C) condition.
The sludge sources selected were from a food industry producing edible oil and from a textile industry
producing woven fabric. Reactor performance was evaluated by the conventional parameters as well as
by monitoring the biogas production during co-digestion of both industrial sludges at equal mixing
proportions. Results indicated that both of these sludge sources worked well and had substantial biogas
production potential with a cumulative biogas yield more than 425 mL/g-VSSfed whereas it was about 6fold lower only for the food sludge. On the other hand, chemical oxygen demand (COD) removal reached
to about 90% during co-digestion with a well recovery of pH value and alkalinity concentration for
sufficient buffering at the end of incubation. Therefore, by the combination of different industrial sludges
through co-digestion; higher digestion performance and improved methane yield could be achived due to
better balanced substrate and nutrients. Regarding the initial heavy metals in the mixed sludge; iron (Fe),
zinc (Zn), nickel (Ni), aluminum (Al), and manganese (Mn) could be removed from 56% to 80% while no
apparent removals were observed in cadmium (Cd) and lead (Pb) at the end of operation. Hence, these
potential toxic pollutants in the digestate should be taken into consideration while deciding the most
appropriate resource recovery and ultimate disposal methods.
Keywords: Anaerobic digestion, biogas yield, food industry, heavy metals, textile industry

1. INTRODUCTION
It has been still a major challenge to treat the wastewaters produced at several industries owing to their
different characteristics that depends on the raw materials used during the production stage. Hence, most
industries are required to construct their own treatment plants due to the complexity of these effluents which
are hard to be treated in municipal wastewater treatment plants (WWTPs). Effluents from food industries
producing edible oil has generally rich in chemical oxygen demand (COD), total dissolved and suspended
solids, oil and grease, fats, and phosphate that cause high organic and inorganic loading rates in bioreactors.
Besides, if discharged to ambient environment without subjected to any treatment; wastewater from edible oil
1
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production would lead to rapid de-oxygenation of surface waters and irreversible damage to aquatic life [1],
[2]. On the other hand, effluents of textile industries mostly contain various parameters characterized by high
strength pollutants such as COD, suspended solids, color, toxicity, and turbidity due to the usage of a wide
range of chemicals and dyes during textile processing which severely threaten the soil and receiving waters
[3], [4]. Therefore, the reduction at the source and application of the most efficient methods for the treatment
of the effluents should be the major focus of industrial sectors.
In this context, since industrial wastes are generally well-known with their high COD and total solids (TS)
contents; these feedstocks become very suitable for anaerobic digestion (AD) processes that have been widely
applied for volume reduction and biogas generation with less operating cost [5]. However, fluctuations in
organic loading rate (OLR), heterogeneity of wastes, or the presence of the inhibitors can result in unstable
processes. Besides, initial substrate characteristics such as C/N ratio, pH value, etc. could make some
feedstocks not suitable for AD technologies. Hence, the combination of different wastes through co-digestion
has been recommended in recent years. Compared to mono-digestion (i.e., with only one substrate), codigestion provides the simultaneous digestion of two or more feedstocks and it has been indicated to be
beneficial for its economic viability, improved biogas yields, and its ability to prevent some of the operating
problems due to imbalanced nutrients, existence of heavy metals, toxic materials, or recalcitrant compounds
[6]. According to Alrawashdeh [7], co-digestion of the olive mill wastes with sewage sludge was
recommended to improve biogas generation due to a better nutrient balance. On the other hand, heavy metals
can be found in olive mill waste effluent in high concentrations and it was reported that substrate
biodegradability enhanced by co-digestion [8]. Kumar et al. [9] also recommended co-digestion of textile
sludge with manure at equal ratios with a biogas production of ca. 525 mL/g-TSadded while no obvious biogas
production occurred when only textile sludge was digested.
Hence, the aims of this study were to investigate mesophilic anaerobic co-digestion potential of two sludge
sources from food and textile industries while presenting the impact on reactor performance and biogas
recovery as well as to assess the fate of the heavy metals during the incubation period.

2. MATERIALS AND METHODS
2.1. Sludge Samples and Inoculum Used
The food and textile sludge samples with respective TS contents of 8.5% (volatile content of ~89%) and 0.5%
(volatile content of ~45%) were supplied by a food industry producing edible oil and by a textile industry
producing woven fabric and finishing cotton and mixed fiber woven cloth which were both located in
Luleburgaz/Kirklareli/Turkey. The food sludge (FdS) was provided from the decanter unit –where the mixed
biological and chemical sludges are thickened- of the existing WWTP of the investigated industry. The textile
sludge (TxtS) was provided before the thickener unit of the existing WWTP treating the wastewater produced
from several units (e.g., desizing, bleaching, mercerization, drying, dyeing, washing, etc.) of the investigated
industry. The textile sludge used as the substrate was the biological sludge from the extended air activated
sludge system. Raw sludge samples from the food and textile industry indicated the following characteristics,
respectively: 4.20 and 7.11, pH; 2725 and 1075 mg CaCO3/L, alkalinity; 85565 and 2730 mg/L, tCOD; 84078
and 4415 mg/L, TS; 786 and 11 mg/L, TP; 0.054 and 3.31 mg/L, NH4+-N [10]. Moreover, the food sludge
was rich in oil and grease with about 13,900 mg/L. On the other hand, the inoculum obtained from a
mesophilic anaerobic digester, treating municipal wastewater (Istanbul, Turkey) with TS content of about
6.6% [11].

2.2. Batch Reactors and Operating Conditions
The assays were carried out at mesophilic condition (35±2 °C) in 1 L glass bottles which were used as
reactors with a working volume of 700 mL. Each flask was run with the same flocculent inoculum in a 1:6
ratio (v/v). Moreover, co-digestion of food and textile sludges was applied at equal mixing proportions of 1:1
(v/v). During set-up of the batch study, the reactors were configured for mono- and co-digestion as follows:
(i) FdS (600 mL) + inoculum (100 mL); (ii) TxtS (600 mL) + inoculum (100 mL); (iii) FdS+TxtS (1:1) (300
+ 300 = 600 mL) + inoculum (100 mL). The flasks were also designed to be opened at different operating
periods (e.g., the 5-7th, 16-26th, 41-47st, and last days) to conduct experimental analyses during hydrolysis,
acidogenesis and methanogenesis phases. Initial samples were immediately taken for t=0 d analyses. Since
the food sludge used in this study was acidic with a pH of 4.2, the pH of the flasks including FdS was
adjusted to 7.0 with 1.0 N NaOH during set-up. In order to measure the methane production of only the
inoculum, the inoculum was also incubated without the addition of substrates. After the addition of all
necessary components; each bottle was closed tightly and sealed with a cap and a rubber septum. Then, the
headspace of each reactor was flushed with the gas mixture of 80% N2 and 20% CO2 for 2 minutes to
maintain anaerobic conditions inside the reactors. The reactors were then kept in an incubator at 35±2 °C and
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operated as batch systems while they were shaken manually once a day during the incubation period of about
6 months. All experimental set-up was done in triplicates and average biogas values were calculated.

2.3. Analytical Procedure
The solids, COD, and alkalinity were determined according to Standard Methods [10]. Total COD (tCOD)
and soluble COD (sCOD) experiments were conducted according to dichromate open-reflux method. For
sCOD experiments, the samples were filtered through 0.45 µm syringe PVDF filters. After addition of
dichromate and acid solutions; samples were kept at 150 °C for 2 hours and COD concentrations were
measured by BEHR TRS 300 Open Reflux COD spectrophotometer. The pH measurement was done using a
pH meter (Hach Lange HQ/40 D model) and alkalinity measurement was done by titrating with 0.02 N
H2SO4 acid solution till the pH dropped down to 4.5. Total phosphorus (TP) concentration of the samples was
measured by the Thermo ICP-OES Spectrophotometer (iCAP 6300 Duo) according to the same procedure as
explained below for the determination of heavy metals.
For the measurement of heavy metals (iron, Fe; zinc, Zn; nickel, Ni; aluminum, Al; manganese, Mn;
cadmium, Cd; lead, Pb; copper, Cu; and chromium, Cr) concentration, the samples were prepared according
to the EPA 200.7 method in the liquid (i.e., supernatant of the digestate) and in the solid (i.e., digested sludge)
phases which were taken from the batch sets during the study. For heavy metal analysis in the digested
sludge, samples were oven-dried at 50 °C and then crushed into pieces. A homogeneous sample with an
amount of 0.4 g (±0.1) was put into a microwave vessel for acid extraction (i.e., respectively with 9 and 3 mL
of nitric and hydrochloric acid). Then, the samples were burned at 160 °C, allowed to cool down to room
temperature, quantitatively transferred to a volumetric flask, diluted to 50 mL with distilled water, and mixed
thoroughly. The concentrations of all investigated heavy metals were measured by the Thermo ICP-OES
Spectrophotometer.
The biogas generation was measured using a manometer (Lutron PM 9107 model) before being released from
each flask by an injection needle. The measured biogas values were then converted from pressure unit (mbar)
to volume unit (mL) under the standard conditions (0°C and 1 atm). During the study, biogas production at
the headspace of each flask was monitored daily till the last incubation day (i.e., until daily biogas
productions ceased in the bioreactors and cumulative biogas volume reached to a constant value) [11].

3. RESULTS AND DISCUSSION
Sludge from industrial effluent treatment plants remains a challenge for many industries due to inefficient and
limited waste management strategies especially in developing countries like Turkey. For example, huge
amounts of wastewater, organic solid waste and inorganic residues are generated in food industries while
processing and refining oilseed for the production of edible oil. Instead of producing commercially viable
products or generating energy from these wastes, residues, and by-products; most edible oil industries prefer
landfilling for ultimate disposal of the produced sludge. However, conversion of waste to energy as a form of
resource recovery should be the preferable route for managing the organic wastes from all industrial facilities
[12], [13]. Here, AD has been used extensively for converting organic compounds to biomethane -especially
co-digestion of appropriate biological industrial sludges with other waste sources- for achieving a sustainable
industrial sludge management [14]. Hence in this study, the potential of using anaerobic co-digestion of two
different sludge sources (i.e., from textile and food industries) was tested at equal mixing proportions
compared to mono-digestion of single industrial sludge and the initial substrate characteristics are presented
in Table 1.
Table 1. Initial substrate characteristics in the batch sets
Parameter

Unit

tCOD
sCOD
pHa
Alkalinity
TSS
VSS

mg/L
mg/L
mg/L
mg/L
mg/L

Set I
Co-digestion
[FdS+TxtS (1:1)]
12,331 ± 5a
2417 ± 10
7.0
1705
21,742 ± 330
16,924 ± 384

Set II
Mono-digestion
[FdS]
[TxtS]
16,300 ± 77
261 ± 33
10,035 ± 42
110 ± 2
7.0
7.65
2725
1075
56,398 ± 429 5779 ± 159
47,425 ± 250
3322 ± 14

Co-digestion
[FdS+TxtS (1:1)]
8682 ± 77
4805 ± 69
7.0
1625
26,818 ± 152
22,099 ± 142

Average ± Standard Deviation; bInitial pH was adjusted to 7.0 with 1.0 N NaOH in the reactors with food sludge

a

Results of this particular study revealed that COD removal rate reached to about 90% during co-digestion
with a pH value higher than 7.0 at the end of the incubation period for both sets. The COD profile is shown in
Figure 1 (a) whereas pH and alkalinity profile is shown in Figure 1 (b) during anaerobic co-digestion of the
investigated industrial sludge sources at equal ratios in Set I. Also, TP concentration was substantially
removed with more than 50% (i.e., from 366 mg/L to 180 mg/L) after digestion. On the other hand, regarding
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the initial heavy metals concentrations in the liquid phase (i.e., supernatant of the digestate) of the mixed
sludge; iron (Fe), zinc (Zn), nickel (Ni), aluminum (Al), and manganese (Mn) could be removed from 56% to
80% while no apparent removals were observed in cadmium (Cd) and lead (Pb) at the end of operation for
both sets. Although heavy metals except copper (Cu) and chromium (Cr) indicated compatible profile in both
sets; no apparent reduction in Cu and Cr concentrations was observed in the first set (Table 2) whereas final
concentrations of these heavy metals were determined lower compared to the initial values in the second set
[11].
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Figure 1. Profile of (a) COD; (b) pH and alkalinity during anaerobic co-digestion [FdS+TxtS (1:1)]

Since, heavy metals are the natural trace elements found in sewage sludge, there has been an increased
concern about its direct re-use in agriculture as fertilizer due to the limitation of the heavy metal
concentration according to regulations in recent years. Hence, source control of industrial discharges is
required by; (i) controlling the processes and materials used during the production stage at the facilities, (ii)
removal and controlled disposal of hazardous constituents before reaching to the waste stream, (iii) separation
of highly contaminated industrial effluents from the domestic wastewater, and (iv) pretreatment before
municipal collection system [15]. It was reported that the share of industrial effluents has been still increasing
in the overall mass of sewage sludge which also leads to high heavy metals with the most toxic ones as
cadmium, lead, arsenic and mercury. Heavy metals occur in different forms and can be absorbed by clay
minerals, hydrated iron oxides and organic matter. Heavy metals also appear in the form of inorganic
compounds (e.g., oxides, phosphates, carbonates, sulphates, sulphides). When the metals occur in a soluble
and exchangeable form, they are released to the environment most easily (nickel, cadmium). However, when
the metals are found in bonded form (i.e., with carbonates, phosphates, sulphides and oxides of manganese,
iron, chromium and zinc) they are less easily released to the environment. On the other hand, heavy metals
can prevent iron metabolism, whereas iron can prevent from absorption and transportation of other
components, e.g. phosphorus. According to chemical speciation of heavy metals in anaerobically digested
sludges; Cd, Cr, Cu, Pb, Mn, Ni, and Zn seem to predominate in the following forms: Cd in carbonate and
residual forms; Cr in organic and residual forms; Cu in residual and organic forms; Pb in carbonate and
organic forms; Mn mostly in organically bound form; Ni in carbonate and residual forms; and Zn mostly in
organically bound form. Among them, Cu changed most easily into a stable chemical form (e.g., carbonate
and sulfide) whereas Zn and Ni were the second and the third heavy metals according to their tendencies to be
stabilized, respectively [15], [16], [17]. Since acidification of soils leads to an increase in solubility and
absorption rate of heavy metals; pH plays the main role for the fate of the metal compounds in the
environment. Accordingly, if the soil has strong acidification potential; the release of heavy metals bonded
with oxides of manganese, aluminum and iron as well as other minerals inreases. Among the metals,
cadmium had the highest mobility (i.e., at a pH value of 6.5) with chromium and phosphorus whereas zinc
was up to 60% bonded by the oxides of manganese and iron. Generally, lower pH and lower solid content
favored metal solubilization for anaerobically digested sludge [15], [16]. The poisonous effect and the
inhibitory influence of Fe, Ni, Pb, Zn, Cu, and Cr on the digestion process were investigated in previous
studies and it was reported that adding some of the heavy metals not only decreased the efficiency of biogas
production but also affected the COD and solids reductions [7], [18]. Moreover, heavy metals toxicity was
observed in the following order: Cu > Ni > Pb > Cr > Zn > Fe, which also led to poisoning of active
microorganisms [7].
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Table 2. Change in heavy metals concentrations during anaerobic co-digestion [FdS+TxtS (1:1)]
Heavy Metal
Iron (Fe)
Nickel (Ni)
Manganese (Mn)
Zinc (Zn)
Aluminum (Al)
Copper (Cu)
Chromium (Cr)
Cadmium (Cd)
Lead (Pb)

Initial (mg/L)
69.64
1.410
2.140
13.62
663.2
2.124
0.748
0.002
0.095

Final (mg/L)
14.03
0.320
0.737
5.182
289.2
2.018
0.747
< 0.002
0.167

Reduction (%)
80
77
65
62
56
5
-

Regarding ultimate disposal of the industrial sludge as the by-product of the treatment process, heavy metal
contents also make composting, land application, landfilling, and incineration options not suitable [19].
Among them if land application is chosen as the ultimate disposal method, the major inorganic constituents in
sludge (Fe, Al, Ca, or P), as well as the characteristics of the soil (i.e., the sludge is laid on) have strong
impact on the mobility of heavy metals as organic matter decays. Besides, each heavy metal has different
characteristics (with exchangeable, adsorbed and organically-bound fractions) independent of sludge type and
they are likely to be mobile to some degree once disposed to land. Because, mobilization of metals might be
resulted from dissolution of the carbonate fractions of Cd, Pb, and Ni or oxidation of the sulfide fraction of
Cu [15]. Babel et al. [15] already emphasized the importance of the removal of some heavy metals from
especially agro-industrial sludge to levels below the related standards to make the sludge suitable for land
application. In this particular study, compared to initial raw sludge samples; all the investigated heavy metals
concentrations except cadmium indicated a positive change (i.e. the increases were between 11% in nickel
and 52% in lead) in the final digested sludge samples taken from the co-digester (with food and textile sludge
sources). Nevertheless, the measured heavy metals in the solid phase of the digested sludge did not exceed the
permissible level specified in the related regulation of Turkey [20]. However, the mercury and pathogen
contents should be also below the limit values in order to assure their usage by laying on soil for agricultural
purposes [11].
In this study, biogas productions were also monitored during the incubation period of both sets except the
lock-down periods due to pandemic situation. Daily and cumulative biogas production during co-digestion of
FdS and TxtS in Set I, during mono-digestion of FdS in Set II, and during co-digestion of FdS and TxtS in Set
II are illustrated in Figure 2 (a), Figure 2 (b), and Figure 2 (c), respectively. According to the biogas results,
both sludge sources used in this study had substantial biogas production potential when anaerobically
digested together (i.e., at least 325 and 425 mL/g-VSSfed in Set I and Set II, respectively); however, each
industrial sludge alone had much lower biogas production (i.e., at least 80 mL/g-VSSfed for FdS in Set II).
Hence, the results from this study showed that co-digestion not only reduced the environmental pollution and
health risks from the selected industries but also recovered useful energy [11].
In conclusion, co-digestion proposed a sustainable management method for the sludge produced at the
WWTPs of appropriate industries. Moreover, since majority of industrial sludges are generated in much
smaller quantities; it is considered that co-digestion would also provide potential of using the available
anaerobic digesters of the industries producing higher amounts of sludge in adjacent areas [14].
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(a)

(b)

(c)

Figure 2. Daily and cumulative biogas production during anaerobic; (a) co-digestion in Set I [FdS+TxtS (1:1)], (b) monodigestion in Set II [FdS], and (c) co-digestion in Set II [FdS+TxtS (1:1)]

4. CONCLUSIONS
Results revealed that both of the sludge sources from food and textile industries worked well and had
substantial biogas production potential during anaerobic co-digestion at mesophilic condition. Accordingly,
the cumulative biogas yield was observed more than 425 mL/g-VSSfed for the food sludge and textile sludge
at equal mixing proportions whereas it was about 6-fold lower only for the food sludge. Hence, co-digestion
yielded a higher amount of biogas compared to mono-digestion where single industrial sludge was digested.
Next to the improved biogas yields; results showed better process performance in terms of COD removal
which was about 90% with a well recovery of pH and sufficient buffering capacity in the batch assays.
Besides, heavy metals (aluminum, iron, manganese, nickel, and zinc) was substantially reduced from 56% to
80% with more than 50% TP removal after co-digestion in the supernatant of the digestate. On the other
hand, the content of the investigated heavy metals in the solid phase of the digested sludge samples did not
exceed the permissible level specified in the related regulations of Turkey for their usage by laying on soil for
agricultural purposes. However, this conclusion should be confirmed by the fact that the mercury and
pathogen contents were also below the limit values. Therefore, the use of digested sludge for non-agricultural
purposes and land reclamation would essentially be a better alternative.
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Biodegradation of High Cellulose-Lignin
Content Agricultural Wastes in Bioreactors
Yonca Kılıç1, Roda Gökçe Yılmaz Çinçin2,Osman Nuri Ağdağ3
Abstract
Bioreactor landfills are a solid waste disposal method that supply rapid solid waste degradation and methane
acquirement. Bioreactors in which leachate circulation is carried out are generally operated anaerobically.
However, they can also be operated under different operating conditions, depending on the type of solid
waste. The biodegradation of wastes with high lignin and cellulose content is very difficult. Especially in
anaerobic conditions (moreover, if there is a lack of moisture), such wastes almost never decompose. In this
study, the degradation of agricultural solid wastes which are difficult to biodegrade and have high lignincellulose content, and the production of methane gas in semi-aerobic bioreactors have been investigated. For
this purpose, two laboratory scale stainless steel simulated bioreactors were used. Sunflower stalk, which is
difficult to biodegrade, were loaded into the bioreactors in different proportions and mixed with the organic
fraction of municipal solid waste (OFSWM). The bioreactors were operated under different operating
conditions. The contents of cellulose, hemicellulose, lignin, and initial and final organic matter in the wastes
loaded into the bioreactors were examined. Parameters such as pH, COD, BOD, NH4-N in the leachate were
analyzed, and the amounts of total and methane gas were measured. Initially, all bioreactors were operated
anaerobically. In the decomposition of the sunflower stalk, while 43% of organic matter removal was
achieved in anaerobic bioreactor, 60% of organic matter removal was realized in the semi-aerobic/anaerobic
bioreactor. Thereupon, other agricultural wastes were subjected to decomposition under semiaerobic/anaerobic operating conditions. As a result of the study, it can be said that semi-aerobic pretreatment
accelerates the breakdown of agricultural wastes with high lignin and cellulose content, decreases the COD
values of leachate and increases the amount of methane.
Keywords: Agricultural solid waste, Bioreactor, Low biodegradable waste, Methane efficiency, Semiaerobic

1. INTRODUCTION
Agricultural waste, known as biomass, has significant potential to produce sustainable energy from renewable
fuels [1]. Lignocellulosic materials, such as agricultural waste, are widely accepted as the most suitable raw
materials for biomethane production due to their relatively low costs, high availability, lack of direct
competition with food and feed production [2].
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Sunflower stalks, which are lignocellulosic biomass, produce 78 to 182 million tons globally and are typically
disposed of as garbage or burned in fields, resulting environmental pollution [3]. In contrast, the high cellulose
and hemicellulose content of sunflower stalk makes it a potential raw material for biomethane production [4].
However, in the anaerobic decomposition of sunflower stalk, which contains high-crystalline cellulose, a lignin
of a natural structure and hemicellulose, hydrolysis is rate-limiting and adversely affects methane production
[5].
Pruning waste contains organic compounds such as lignin, which prevents and slows down aerobic degradation
of cellulose, which is resistant to biodegradation, or hemicellulose, cellulose, which is slow/moderately
degradable [6].
Hazelnut husks are green plant structures that surround and protect the hazelnut during the growth process. At
harvest time, this plant structure is collected together with the hazelnut and separated from the hazelnut in the
factory and converted into waste. Turkey, which hosts 73% of the world's hazelnut production, is the world's
largest hazelnut producer (400.000–450.000 tons/year). Each year after the hazelnut harvest, the hazelnut waste
is burned or left in the field [7]. Anaerobic decomposition of organic substances containing lignocellulosic
matter, such as hazelnut husks, takes a long time and produces inefficient biogas [8].
In recent years, it has been demonstrated that bioreactor landfill technology supports the decomposition and
stabilization of biodegradable organic waste by adding water, recirculating leachate, or injecting air [9].
Bioreactor systems are landfill systems that use controlled advanced microbial processes to convert and balance
organic waste compounds that can be easily or partially decomposed in as little as 5-8 years [10]. The bioreactor
areas may operate under various operating conditions. 4 types of bioreactor systems have been developed in
line with the studies carried out so far. These are; anaerobic, aerobic, facultative and hybrid bioreactors [11].
In this study, it was carried out to examine the effect of adding organic fraction of solid wastes to the
biodegradation of sunflower stalk. The other objective is mixing these wastes at different rates within
themselves by applying different operating conditions in bioreactors and observing methane production.

2. MATERIALS AND METHOD
2.1. Laboratory Scale Simulated Bioreactor
2 stainless steel cylindrical bioreactors with a height of 30 cm, a diameter of 10 cm and a reactor volume of 2.4
L were used. The anaerobic reactor has a part that allows air to be supplied with the help of a diffuser from the
lower part to provide aerobic conditions. It was operated under mesophilic conditions (33-35°C). According to
the meteorological data in the region, sufficient amount of water was added the reactor in rainy days.

2.2. Anaerobic and Semi-aerobic/anaerobic Bioreactor Operating Conditions
Leachate recirculation in bioreactors under anaerobic and semi-aerobic/anaerobic operating conditions was
achieved with peristaltic pumps. Leachate recirculation of between 10% and 15% (300 ml) of reactor volume
has been shown to be appropriate in several studies in terms of methane yield [12]. The peristaltic pumps used
in leachate recirculation were set to operate for 15 minutes every 8 hours with a timer. For the measurement of
total gas and methane gas, specially manufactured scaled glass materials were installed in each reactor. In
bioreactors operated in semi-aerobic/anaerobic conditions, reactors are ventilated for 1 hour in the form of 5
minutes of ventilation and 3 minutes of rest with the help of a diffuser 5 days a week to ensure aerobic conditions
has been realized. After the aerobic operation process was completed, the system was operated anaerobically
for methane production.

2.3. Loading of Agricultural Solid Waste and Organic Fraction of Municipal Solid Waste
Mixtures into Bioreactors
Organic fraction of municipal solid waste used in bioreactors were obtained from kitchen waste in the PAU
central cafeteria, and sunflower stalk was obtained from sunflower pruning wastes from a sunflower field in
Tavas district of Denizli province. The first anaerobic bioreactor (Reactor 1) was filled with 20% organic
fraction of municipal solid waste + 80% sunflower stalk, and the second reactor (Reactor2) was filled with 50%
organic fraction of municipal solid waste + 50% sunflower stalk, and waste was loaded into both reactors and
the reactors were operated for 90 days. For Semi-aerobic / anaerobic treatment, the mixture waste rates were
determined as 20% organic fraction of municipal solid waste + 80% sunflower stalk (Reactor A 1) and the
second reactor was 100% sunflower stalk (Reactor B1). Reactors operated for 90 days. Sewage sludge supplied
from Denizli Wastewater Treatment Plant Anaerobic Sludge Tank was used as inoculum for bioreactors. Table
1 shows the amount of lignin, cellulose, hemicellulose (%) of sunflower stalk used in reactors. Table 2 shows
the results of the water content and organic matter analysis of the prepared waste mixtures before loading into
the reactors.
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Table 1. Amount of lignin, cellulose, hemicellulose (%) of sunflower stalk

Sunflower Stalk

Hemicellulose (%)

Lignin (%)

Cellulose (%)

43,667

17,233

24,463

Table 2. Water content and organic matter analysis in waste mixtures used in bioreactors
Water Content (%)

Organic Matter (%)

71
76
26
12

82
89
88
85

Reactor 1
Reactor 2
Reactor A1
Reactor B1

2.4. Analytical Methods
Total COD was measured colorimetrically by closed reflux method ,n leachate samples from bioreactors [13].
Leachate samples from the bioreactors were measured using the model pH meter HANNA HI 221. Volatile
fatty acid concentration measurements were determined by the titrimetric method determined by Anderson and
Yang [14]. BOD5 was measured using the WTW Oxi Top IS system. Ammonium nitrogen and Total Kjeldahl
Nitrogen analyses were performed with standard method. The total gas generated in the bioreactors was
measured by passing through a solution containing 10% NaCl and 2% H2SO4 by the liquid displacement method
[15]. The methane gas generated in the bioreactors was measured by passing it through a solution containing
3% NaOH by the liquid displacement method [16]. Water content and organic matter analyses in solid waste
were carried out before and after loading into bioreactors according to the Standard Method [13]. The
hemicellulose, lignin, and cellulose contents, which form the structure of agricultural wastes used in
bioreactors, were determined by using the processes specified by Li et al. [17] and analytical methods.

3. RESULTS AND DISCUSSION
3.1. Decomposition of Sunflower Stalk in Anaerobic Bioreactors
3.1.1. Change of COD, pH, VFA Concentrations in Bioreactor Leachate
Figure 2a shows change in COD concentrations. In leachate samples from anaerobic bioreactors, the initial
COD concentrations were, respectively; It is 22026 mg/l in Reactor1 and 14250 mg/l in Reactor2. When COD
removal yields were calculated, this value was calculated as 90% in Reactor1 and 97% in Reactor2. Dumlu et
al. [18] digestion of agricultural wastes consisting of roots, stems, leaves and fruits resulting from the
production of tomatoes, peppers, cucumbers, eggplants and zucchini were achieved as a result of 100 days of
anaerobic digestion. The cellulose content of the agricultural wastes used in the study is 26.40% and the lignin
content is 12.28%. It can be said that the sunflower stalk used in our study has a lower cellulose content than
this study in the literature, and higher COD removal yields are achieved as a result of mixing sunflower stalk
with organic fraction household wastes.
Acid accumulation occurred in bioreactors in the first stages of anaerobic treatment and a decrease in pH values.
This situation was observed in Figure 2b. In order to provide alkalinity to the environment and to increase the
pH values, 0.6% NaHCO₃ solution was added until the desired pH values were obtained at regular intervals
from the 21st to the 51st day of the enterprise. pH values were measured between 4.96-7.43 and 4.98-7.48
respectively in Reactor1 and Rector2.
Hobbs et al. [19] It has been reported that VFA occur during the acidogenesis stage in anaerobic breakdown
and often cause a decrease in pH, while low pH affects the activity of methanogens and thus affects a rapid
decrease in methane production. In order to provide alkalinity to the environment and increase the pH values,
0.6% solution of NaHCO₃ was added in the early stages of operation until the desired pH values were achieved
(Figure 2c). The VFA concentrations measured on day 38 were 6335 mg/l and 3290 mg/l in Reactor1 and
Reactor 2, respectively. VFA concentrations decreased in a similar way to COD concentrations [20]. During
the operation of the reactors, Reactor2 had higher pH values than Reactor 1. As a result, lower concentrations
of VFA were measured in Reactor 2. VFA is inversely proportional to pH, meaning that the higher the
occurrence of VFA, the lower its pH [21].

222

EurAsia Waste Management Symposium, 24-26 October 2022, Istanbul/Turkey
Reactor 1

Reactor 1

Reactor 2

30000
20000
15000

pH

COD (mg/l)

25000

10000
5000
0

0

10 20 30 40 50 60 70 80 90
Operating time (day)

0

10 20 30 40 50 60 70 80 90
Operating time (day)

Figure 1b. Bioreactor leachate pH change

Figure 2a. Change in bioreactor leachate COD
concentrations
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Figure 2c. Change in bioreactor leachate VFA
concentrations

3.1.2. Amount of Cumulative Total Gas Generated in Bioreactors
During the decomposition of wastes under anaerobic conditions, organic matter is converted into biogas through
microbial activities [22]. The cumulative total gas quantities were measured as 12.42 L in Reactor 1 and 18.875
L in Reactor2 over a 90-day operating period respectively (Figure 3). The high content of cellulose and lignin
content in Reactor1 and the high ratio of sunflower stalks reduced the total amount of gas. Especially in the
anaerobic environment, the difficult breakdown of wastes with high lignin and cellulose content is the most
important factor in this. Since the disintegration was slow, the total gas formation was also slow.
Reactor 1

Cumulative total gas (ml)

20000

Reactor 2

15000
10000
5000
0

0

10 20 30 40 50 60 70 80 90
Operating time (day)

Figure 2. Cumulative total gas generated in bioreactors

3.1.3. Amount and Percentage of Cumulative Methane Gas Generated in Bioreactors
The methane gas measured at the beginning of the study period is thought to be produced by hydrogenconsuming methane bacteria. The cumulative methane quantities calculated during the 90-day operating period
were measured as 3.895 L (Figure 4a) in Reactor1 and 8.13 L (Figure 4b) in Reactor2, respectively. The
percentage of methane in reactors is 34% of the total gas in Reactor1 and 44% in Reactor2 during the operating
period, respectively. The highest percentage of methane was 42% in Reactor1 and 55% in Reactor2.
Lignocellulosic materials are limited by their slow degradation and therefore low methane yield [23]. In parallel
with the fact that the amount of sunflower stalk with a cellulose content of 24.46% is higher in Reactor1 than
in Reactor2, the amount of methane formed is less. Excess food waste in reactor 2 has a higher methane potential
than lignocellulosic biomass [24]. The reasons for this are that food waste typically contains lower amounts of
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hard-to-break down substances. In addition, an increase in methane gas amounts was observed in parallel with
COD removal yields.
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Figure 4. Cumulative methane gas and
percentage of methane formed in reactor1
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Figure 3. Cumulative methane gas and percentage
of methane formed in reactor 2

3.1.4. BOD5 Concentration Change in Bioreactor Leachate
BOD5 measurements on 5 separate days during the operation period of the bioreactors are shown in Table 3.
The BOD5/COD ratio is indicative of stabilization in reactors, and the BOD5/COD ratio is initially 0.16 in
Reactor1 and 0.18 in Reactor2. The BOD5/COD ratio between 0.02 and 0.13 means a low biodegradability and
indicates an excess of organic compounds that are difficult to decompose [25]. On the 34rd, 45th and 59th days
of the operation, an increase in BOD5 /COD rates was observed as the organic materials in the reactors were
broken down and passed into the leachate. On the 73rd day, as a result of the consumption of organic substances
by methane bacteria, a decrease in BOD5/COD rates was observed.
As a result of the loading of sunflower stalk wastes with high content of lignin into the reactors, low
BOD5/COD ratios are observed. When BOD5 removal yields are calculated, it is 76% in Reactor1 and 92% in
Reactor 2.
Table 3. Change of bioreactor leachate BOD5 concentrations
Reactor 1

Reactor 2

20th
day

34rd
day

45th
day

59 th
day

73rd
day

20th
day

34rd
day

45th
day

59th
day

73rd
day

BOD5 (mg/l)

4275

5200

5376

3354

1224

4978

4538

2978

1345

357

COD (mg/l)

26714

21669

16291

9315

5565

19912

12965

8050

4075

1785

BOD5 / COD

0,16

0,24

0,33

0,36

0,22

0,25

0,35

0,37

0,33

0,2

3.2. Digestion of Sunflower Stalk in Semi-aerobic/anaerobic Bioreactors
3.2.1. Semi-aerobic/anaerobic Bioreactor COD, pH, Changes in Leachates
In leachate samples of semi-aerobic/anaerobic bioreactors, initial COD concentrations were 10181 mg/l and
8777 mg/l in Reactor A1 and Reactor B1, respectively (Figure 6a Toptaş and Yay [26]. There has been a rapid
decline since day 38. The COD concentration measured at the end of operation in the batch reactor operated
for 245 days is 396 mg/l. It is seen that the oxygen supplied to the system from here has a faster decomposition
effect. Similar to this study, the COD concentration in Reactor A 1 was 651 mg/l and the COD concentration in
Reactor B1 was 1326 mg/l as a result of the 90-day operating period. When COD removal yields are calculated,
the COD removal efficiency is 97% in Reactor A 1 and 94% in Reactor B1.
The optimum pH range for methane bacteria in mesophilic systems is between 6.5-8.0. When the pH rises
below 6.0 and above 8.3, the process is severely restricted [27]. When Figure 6b is examined, an increase in
pH values is observed from the 10th day. this increase in pH values shows that the hydrolysis and acidification
phase occurs faster with the ventilation effect made in the reactors. Cossu et al. [28]. showed that pre-ventilation
had a beneficial effect on pH increase in the subsequent anaerobic phase. The highest pH values in the reactors
were measured on day 42, which were 7.77 in Reactor A1 and 8.47 in Reactor B1. During the 90-day operating
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period, the pH values in the reactors were observed to be between 5.57 and 7.77 in Reactor A1 and 5.64 to 8.47
in Reactor B1, respectively.
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Figure 6b. Bioreactor leachate pH changes

Figure 4a. Change in bioreactor leachate COD
concentrations

3.2.2. Amount of Cumulative Gas Generated in Semi-aerobic/anaerobic Bioreactors
The cumulative gas quantities during the 90-day operating period were measured as 26.64 L in Reactor A1 and
39.6 L in Reactor B1 (Figure 7). Due to the intermittent air supplied in the first 41 days of operation of the
reactors, the pH values were measured higher than in the anaerobic system. When the amount of gas generated
in reactors is compared, the total amount of gas in Reactor B1 is considerably higher than in Reactor A1.
Although there are 100% sunflower stalks in reactor B1, the amount of gas formed in parallel with the pH values
is higher in Reactor B1 because the pH values are higher than in Reactor A1.

Cumulative total gas (ml)

Reactor A1
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90

Figure 5. Cumulative total amount of gas
generated in bioreactors

3.2.3. Amount and Percentage of Cumulative Methane Gas Formed in Semi-aerobic/anaerobic
Bioreactors
Traditionally, oxygen or air exposure is avoided in anaerobic digestion systems to minimize its negative impact
on anaerobic microorganisms. However, it has recently been found that methanogenesis also occurs outside of
anaerobic environments such as oxygenated freshwater and soil [29]. Nguyen and Khanal [30] reported that
exposure to small amounts of oxygen/air (micro ventilation) benefits anaerobic digestion in increasing
hydrolysis, improving methane yield, stabilizing the process, and removing hydrogen sulfide, among others. It
has been observed that a high rate of methane gas is formed in the reactors compared to the anaerobic system
due to the air supplied to the reactors (Figure 8a and Figure 8b). When the ventilation process in the reactor
was completed and anaerobic operation was continued, less methane gas was formed than the aerobic part. In
the aerobic part, methane bacteria consumed the organic substances in the environment and when the anaerobic
part was passed, less methane gas was formed than the aerobic part due to the fact that there was less organic
matter in the environment. The cumulative methane quantities in semi-aerobic/anaerobic bioreactors were
9,929 L in Reactor A1 and 15,351 L in Reactor B1, respectively. The percentage of methane in reactors was
44% of total gas in Reactor A1 and 47% in Reactor B1, respectively, during the operating period. The percentage
of methane was highest on day 21 at 66.6% in Reactor A 1 and 62% in Reactor B1.
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3.2.4. BOD5 Concentration Change in Semi-aerobic/anaerobic Bioreactor Leachate
According to Table 5, it was observed that the organic substances digest and pass into the leachate through the
air given to the reactors intermittently earlier than the anaerobic system. On the 38th day, the BOD5 / COD
ratios increased to 0.4 in Reactor A1 and 0.35 in Reactor B1, which is an indication that organic substances are
broken down and passed into leachate. BOD5 concentrations on day 80 were 154 mg/l and 262 mg/l in Reactor
A1 and Reactor B1, respectively. BOD5/COD ratios are 0.13 in Reactor A 1 and 0.19 in Reactor B1. Thanks to
the intermittent ventilation made as a result of the loading of sunflower stalk wastes with high content of lignin
into the reactors, higher BOD5 / COD rates are seen according to anaerobic operating conditions with the
breakdown of organic materials and their passage into leachate. When BOD5 removal yields are calculated, it
is 97% in Reactor A1 and 93% in Reactor B1.
Table 5. Change of bioreactor leachate BOD5 concentrations
Reactor B1

Reactor A1
21st day

38th day

56th day

80th day

21st day

38th day

56th day

80th day

BOD5 (mg/l)

5058

2119

394

154

3923

1394

462

262

COD (mg/l)

15328

5299

2626

1186

13078

3983

1848

1377

BOD5 / COD

0,33

0,4

0,15

0,13

0,3

0,35

0,25

0,19

4. CONCLUSION
Due to the high lignin and cellulose content of agricultural wastes, the decomposition process takes place in
long stages with anaerobic treatment methods. Therefore, it has been determined that the decomposition of
agricultural wastes with a pre-aerobic treatment to accelerate the decomposition process and then their
anaerobic operation for methane production contribute to the decomposition process of the wastes.
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Legal Framework for Bottom Ash Utilization
in The Czech Republic
Michal Šyc1, Jiří Hykš2, Tomáš Baloch3, Jan Valentin4
Abstract
There are four waste-to-energy plants in operation in the Czech Republic. These plants incinerate about
0.75 M tonnes of waste annually and produce about 0.2 M tonnes of incineration bottom ash (IBA).
Incineration bottom ash in the Czech Republic contains 6-11 % of iron scrap and 1.3-2.8 % of nonferrous metals which means the overall potential for recovery of 13-14 kt of iron scrap and 3.0-3.5 kt of
non-ferrous metals per year. Due to the absence of technologies for non-ferrous metals recovery in the
Czech Republic, only a small part of the potential is exploited. The utilization of the mineral matrix of
IBA was currently prohibited in the Czech Republic due to strict limits for waste utilization on the soil
surface and the absence of other legal frameworks. However, the new waste law set specific criteria for
bottom ash utilization in road construction. Paper will summarize principles of the new legal framework
and negligible steps for its implementation and utilization of IBA with respect to the circular economy.
Keywords: Bottom ash, legal framework, metal recovery

1. INTRODUCTION
Waste-to-energy is one of the key technologies for mixed municipal solid waste disposal. The overall
production of municipal solid waste (MSW) in the Czech Republic was nearly 6 mil. ton in 2021. According
to the EU goals set for MSW treatment (i.e., max amount of incinerated MSW 25 %), it means a necessity of
capacity for waste-to-energy about 1.5 mils. ton. Nowadays, there are four waste-to-energy plants in
operation in the Czech Republic with an overall annual capacity ca 0.75 mils. tons. These plants produce
nearly 0.2 mi. tons of bottom ash. According to our previous analysis, incineration bottom ash in the Czech
Republic contains up to 13 % of iron scrap and 3.0 % of non-ferrous metals (in dry matter) which means the
overall potential for recovery of 13-14 kt of iron scrap and 3.0-3.5 kt of non-ferrous metals per year. Due to
the absence of technologies for non-ferrous metals recovery only 11 kt of ferrous and 0.5 kt of non-ferrous
metals are recovered from IBA in the Czech Republic. The mineral matrix of IBA is currently landfilled or
used in landfills. However, in July 2021 new legal framework that set technical and environmental criteria for
IBA utilization in road construction was enacted.
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2. RECOVERY POTENTIAL
Recovery potential evaluation is based on a detailed analysis of IBA from the Prague WtE performed in 2021.
This plant incinerates mainly mixed municipal solid waste from Prague and its surroundings. IBA contains
about 13 % of iron scrap and 3.0 % of non-ferrous metals in dry matter. Based on the pilot plant data we have
concluded that the majority of potential can be extracted from particles over 2 mm, i.e., they are liberated and
accessible for separation without crushing. The investment for a metal recovery real scale plant in Prague is
under consideration with expected plant commissioning in 2023/2024. The plant will also help to fulfil the
climate goals of Prague city due to recovery of up to 1 500 tons of non-ferrous metals and an additional 1 000
of iron scrap which represents GHG saving ca 15 000 CO2-eq per year. Metal recovery will also principally
allow utilization of metal depleted IBA in road construction according to the new legislation enacted in 2021.

3. LEGAL FRAMEWORK
The utilization of bottom ash in road construction is a common practice in many European countries for
decades as obvious from a comprehensive review of European legislation [1]. Each country usually set a
technical and environmental criterion, that ensure the environmentally safe utilization of IBA. Several
countries have recently imposed new legislation, e.g., Finland in 2017 or adopted revised one based on longterm experience as Germany in 2021.
The Czech Republic had not had a legal framework for the specific utilization of IBA or other wastes. The
new decree 273/2021 on details of waste utilization valid from July 2021 allow IBA utilization as a road
subbase layer. The decree set environmental restrictions and specific limits for pollutants content and
leachability to avoid any undesired environmental impact [2,3]. According to legislation, IBA used for road
construction have to be classified as other waste, i.e., all 15 hazardous properties have to be excluded.
Leaching test according to EN12457-4 has to be performed for each 5 000 tons of used IBA and leachate
must fulfil specific limits (see Table 1). The limits have been deliberately set to ensure that raw IBA without
ageing will not fulfil the limits.
Table 1. Limit values in leachate according to EN 12457-4
Limit values
(mg/l)
pH

9-11

Chlorides

700

Fluorides

6

Sulfates

1 000

As

0.03

Ba

3

Cd

0.005

Cr

tot

0.2

Cu

1

Hg

0.0008

Mn

0.3

Na

400

Ni

0.03

Mo

0.5

Pb

0.05

Sb

0.07

Se

0.1

V

0.3

Zn

0.6

Moreover, the limits are also set for the content of pollutants in IBA (see Table 2) that have to be verified at
least four times a year.
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Table 2. Limit values for pollutants content in IBA

Limit value

a

As (mg/kg)

45

Cd (mg/kg)

20

Cr (mg/kg)

200

Cu (mg/kg)

7 000

Hg (mg/kg)

1

Ni (mg/kg)

500

Pb (mg/kg)

1 000

Zn (mg/kg)

10 000

TOC (mg/kg)

30 000

PAU (mg/kg)

1a

PCDD/F (ng I-TEQ/kg)

10

sum of benzo[a]pyren, benzo(b)fluoraten, benzo(k)fluoranten, indeno(1,2,3‑cd)pyren

4. SUMMARY
The new legal framework for IBA utilization is valid in the Czech Republic from July 2021. It serves as an
incentive for changing the current situation with very low exploitation of overall IBA resource potential. A
real scale plant for effective non-ferrous metals recovery is under consideration in the Prague WtE plant.
Moreover, the section of road with IBA used according to new legislation is under preparation as well. It
should serve as a demonstration of safe IBA utilization with respect to technical and environmental criteria
for municipalities and contracting authorities. Hence, it can be expected that within a few years the full
potential of IBA will be exploited and the modern concept of IBA treatment fully in line with circular
economy principles will be implemented.
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Possibilities of Resource Recovery and
Utilization of MSWI APCr
Ekaterina Korotenko1,2, Michal Šyc3, Lukáš Grič4, Tomáš Baloch5, Josef
Jadrný6
Abstract
Air pollution control residues (APCr) from municipal solid waste incineration (MSWI) are considered
hazardous waste due to the high content of heavy metals and leachable salts and, therefore, must be
treated and disposed of in special landfills. The significant production of APCr and the high content of
valuable components (Zn, Pb, Cu, and salts) make this material a potential anthropogenic source for
resource recovery. Therefore, it is necessary to find effective methods for the removal of hazardous
properties of APCr with simultaneous recovery/utilization of valuable components that are present in the
material. The paper summarizes possibilities for resource recovery and utilization of APCr from MSWI
plants in the Czech Republic by hydrometallurgical methods. The results show that the recovery of salts is
possible by water washing; valuable metals remaining in the insoluble form in stabilized APCr can be
recovered by acid leaching; the remaining mineral matrix can be utilized in the construction industry.
Keywords: Acid leaching, APCr, MFA, MSWI solid residues, resource recovery, urban mining, water
washing

1. INTRODUCTION
Production of air pollution control residues (APCr) in the Czech Republic is ca. 20,000 tonnes per year and it
is increasing. Generally, APCr are considered hazardous waste due to the high content of soluble salts and
potentially toxic elements [1, 2] and, therefore, must be disposed of in special landfills. In the Czech
Republic, APCr are landfilled into a sludge lagoon after uranium mining. The capacity of the lagoon is
limited and will be exhausted in a few years. Alternative handling is an export to Germany for backfilling into
salt mines. This possibility is not economically and technologically efficient. Moreover, both of the processes
lead to the possible losses of valuable metals and materials. So, it is necessary to find effective methods for
the removal of hazardous properties of APCr with simultaneous recovery/utilization of valuable components
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that are present in APCr. Currently, hydrometallurgical processes are more widely used for the recovery of
valuable materials (salts and minerals) and metals (especially, Zn, Pb, and Cu) from APCr. The aim of our
work was to test and compare 3 options for resource recovery from APCr inside the MSWI plant: water
washing, acid extraction, and a 2-stage process combining water washing and acid extraction. For this
purpose, a detailed characterization of raw APCr was performed. Then lab-scale experiments were conducted
and resource recovery potential was assessed. Properties of obtained products were compared with legislative
requirements.

2. MATERIALS AND METHODS
2.1. Samples
Samples of APCr from 2 Czech MSWI plants were taken. Both MSWI plants are equipped with a spray dryer
and wet scrubbing system with lime addition. APCr are captured downstream of the spray dryer on bag
filters. In the experimental part, big representative samples (about 20 kg) were used. Samples of quench water
(usually, 5% HCl) from the wet scrubbing system were taken. In the experimental part, big representative
samples (about 20 l) were used.

2.2. Experiments
2.2.1. Water washing
Lab-scale experiments of water washing with subsequent recovery of salts were conducted. Different liquidto-solid (L/S) ratios were examined. APCr were washed using distilled water. The produced suspension was
mixed for 30 minutes at ambient temperature using a magnetic stirrer and then filtered on a vacuum filtration
unit. Stabilized APCr were rinsed for removal of the remaining extract. The specification of experiments is
shown in Table 1.
Table 1. Specification of water washing experiments
Parameter
Total L/S ratio
Washing L/S ratio (extract)
Amount of after-washing steps
After-washing L/S ratio (rinse)

1
5/1
3/1
2
1/1

Experiment
2
3
4
5/1 4/1 3/1
3/1 2/1 2/1
1
2
1
2/1 1/1 1/1

5
3/1
2/1
1
1/1

In water washing experiments, two options for subsequent processing of water extract and recovery of salts
were considered: crystallization of salts and alkalization of the extract by NaOH to produce Ca(OH)2 and a
mixture of salts with high content of NaCl. The composition of recovered products was analyzed and
compared with legal limits TP116 (technical requirements of the Czech Ministry of Transport for de-icing
agents and road salts).

2.2.2. Acid extraction
Lab-scale experiments of acid extraction for subsequent recovery of metals were conducted. Different pH of
extraction were tested. APCr were extracted using quench water from the wet scrubbing system. The
produced suspension was mixed for 2,5 hours at 65 °C using a magnetic stirrer and then filtered on a vacuum
filtration unit. Extracted APCr were rinsed using distilled water for removal of remained extract. The
specification of experiments is shown in Table 2.
Table 2. Specification of acid extraction experiments
Parameter
APCr
pH (-)

1
A
3.0

Experiment
2
3
4
A
B
B
4.0 3.0 4.0

In acid extraction experiments, recovery of metals in a form of metal-rich filter cake was performed. The
composition of the filter cake was analyzed and compared with technological requirements from smelters.

2.2.3. 2-stage process
Lab-scale experiments of 2-stage process consisting of water washing for salts recovery and acid extraction
for recovery of metals from APCr were conducted. The procedure of water washing and acid extraction is
described above. The specification of experiments is shown in Table 3.
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Table 3. Specification of 2-stage experiments
Parameter
APCr
Total L/S ratio of water washing
pH of acid extraction (-)

1
A
3/1
3.0

Experiment
2
3
4
A
B
B
3/1 3/1 3/1
4.0 3.0 4.0

In all experiments, samples of solid and liquid process streams were taken; chemical composition and
properties were analyzed. Mass balance of each process was calculated, then material flow analysis (MFA) of
valuable components (salts and metals) was performed and resource recovery potential was evaluated.

2.3. Sample analysis
A detailed characterization of raw APCr was performed: chemical properties and composition were analyzed;
environmental parameters were evaluated.
The elemental composition of the raw and processed APCr was determined by Aqua Regia acid digestion
with subsequent ICP-OES analysis (Perkin Elmer). The content of dry matter was determined at 200 °C,
solubility in water – at 20 °C. Analysis was made in triplicates. For the evaluation of environmental
parameters, leaching tests according to EN 12457-4 were performed. The contents of dissolved organic
carbon (DOC) (TOC/TNb Elementar Vario TOC Select), anions (capillary electrophoresis, Lumex
Instruments), and elemental composition (ICP-OES, Perkin Elmer) were measured in leachate.
A detailed characterization of quench water was also performed: chemical properties and composition were
analyzed. The elemental composition was determined by ICP-OES (Perkin Elmer). The content of anions was
determined by capillary electrophoresis (Lumex Instruments).
For analysis and comparison of the hydrometallurgical procedures, chemical composition and properties of
all solid and liquid process streams were analyzed using the methods described above.

3. RESULTS AND DISCUSSION
3.1. Raw APCr characterization
Selected properties of raw APCr are shown in Table 4.
Table 4. Selected properties of APCr from MSWI
Parameter
Dry Matter (% w/w)
Ash (% w/w)
Solubility in water (%
w/w)
pH (-)

MEDIA
N
95.8
89.4

MSWI A
MIN

MAX

93.5
85.1

99.4
94.5

MEDIA
N
98.5
91.0

MSWI B
MIN

MAX

97.3
88.8

99.5
96.6

36.9

33.5

47.6

45.4

39.7

55.9

11.9

10.6
171,00
0
7,890
6,060
23,300
7,630
909
336

12.2
250,00
0
55,400
16,400
88,000
24,600
3,620
890

9.80

8.80
191,00
0
9,020
6,990
22,500
17,400
2,250
549

10.6
227,00
0
45,000
14,000
88,100
38,800
5,440
1,130

Ca (mg/kg DM)

224,000

K (mg/kg DM)
Mg (mg/kg DM)
Na (mg/kg DM)
Zn (mg/kg DM)
Pb (mg/kg DM)
Cu (mg/kg DM)

11,800
8,810
33,900
10,800
1,360
485

210,000
10,800
10,200
27,100
21,200
2,910
631

There is considerable chemical composition variation within MSWI plants and between MSWI plants. Higher
alkalinity of APCr from MSWI A is caused by the higher excess of calcium-based sorbent used during flue
gas treatment. The differences in concentration of heavy metals (especially, Zn and Pb) can indicate
differences in the composition of incinerated waste between the two MSWI plants. The dynamic character
and variation in APCr chemical composition make the development of recycling and material recovery
processes challenging.

3.2. Water washing
Results of water washing experiments show that the composition and properties of water washing extract
depend on the L/S ratio. Water extract contained 275–450 g/L of dissolved salts. The total solubility of raw
APCr was about 50% w/w. The main components of the extract were chlorides, Ca, K, and Na. Solubility of
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heavy metals during water washing was below 1%. The exception were zinc and lead. Because of strong
alkaline conditions, the solubility of Zn and Pb was about 5%.
Based on the calculations, an average salt mixture may contain 55% of CaCl2, 14% of NaCl, 7% of KCl, 1%
of other components or impurities, and 23% of water.
The composition of products recovered from water washing extract is shown in Table 5.
Table 5. Content of selected elements in products recovered from water washing extract (experiment 5)
Sample
Ca(OH)2
Mixture of salts
Mixture of salts
Limit TP 116

Method
alkalization
alkalization
crystallization
x

Al
170
88.0
<1.66
50

As
<17.7
<3.54
<3.52
2.5

Cd
34.6
<0.118
32.9
2

Cr
<0.683
<0.137
<0.136
5

Pb
296
<3.52
166
5

Zn
356
<3.86
204
20

Results of the elemental analysis show that salts obtained from the extract did not meet legal limits for deicing agents. In the case when crystallization was used for salt recovery, the problematic parameters were Cd,
Pb, and Zn; in the case of alkalization, a concentration of Al exceeded the legal limit. The results also show
that heavy metals (especially, Zn, Pb, and Al), are precipitated together with Ca(OH)2 during the alkalization.
Therefore, a pre-treatment step for the removal of heavy metals from water extract is needed.

3.3. Acid extraction
Selected results of acid extraction of APCr by quench water are shown in Table 6.
Table 6. Results of acid extraction of APCr from MSWI B
Element
Zn
Pb
Cu

Extraction efficiency (% total input)
pH = 3.0
pH = 4.0
63.0
53.0
<1.0
<0.1
<1.0
<0.1

Results of the acid extraction experiments show that Zn can be effectively extracted from raw APCr with
quench water. The efficiency of Zn extraction varied from 45% to 65% depending on the experimental
conditions and the composition of raw APCr. Cu and Pb remained in solid form in APCr, therefore, the
optimization of extraction conditions is needed for their recovery. The total solubility of raw APCr during
acid extraction was 45–60% w/w.
Results of the elemental analysis show that metal-reach filter cakes obtained from the extract partially
fulfilled technological requirements from smelters. The content of heavy metals (Cd, Cr, Ni, Hg) did not
exceed the limit values. At the same time, the content of Zn in the filter cakes was diluted by ballast
components (hydroxides of Ca, Mg etc.) and did not exceed 35% w/w. For improvement of the quality of
recovered filter cake, the pre-treatment of the extract is needed.

3.4. 2-stage process
Results of the experiments show that the 2-stage process consisting of water washing and acid extraction
steps dissolved up to 70% w/w of raw APCr. This process combines the advantages of both processes
mentioned above: on one hand, it allows to recover salts by water washing, on the other hand, valuable metals
remain in insoluble form and are up-concentrated which improves the efficiency of acid extraction in the next
step. Moreover, results of the elemental analysis show that metal-reach filter cakes obtained from the extract
fulfilled technological requirements and may be used as a secondary source of Zn in smelters.

4. CONCLUSIONS AND PERSPECTIVES
The aim of the paper is to evaluate and compare possible options for resource recovery from MSWI APCr by
hydrometallurgical methods. Water washing, acid leaching, and the 2-stage process were tested. The best
results were obtained in the case of water washing and 2-stage process: the recovery of salts is possible with
water washing, but the removal of heavy metals prior to recovery of salts and sorbents needs to be solved;
valuable metals remaining in washed APCr are up-concentrated and can be recovered by acid leaching. The
chemical composition of the remained mineral matrix depends on the applied hydrometallurgical method,
and, in some cases, can be utilized in the construction industry. A detailed material flow analysis of examined
hydrometallurgical methods and distribution of major components and contaminants between technological
streams will be thoroughly evaluated and presented. The total impacts of examined methods on the MSWI
plant will be evaluated and presented as well.
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Composite Phase Change Materials
Production from Waste Polyethylenes
Hasret Akgün1, Zerrin Günkaya1, Aysun Özkan1, Müfide Banar1
Abstract
Composite Phase Change Materials (PCMs) were produced by extrusion of the wax product obtained by
pyrolysis of waste LDPE as matrix and waste HDPE as supporting polymer material. Chemical and
thermal properties of composite PCMs were analyzed. According to the analysis results, the addition of
HDPE to the wax obtained from LDPE pyrolysis increased the decomposition temperature from 300 ℃ to
458 ℃. The decomposition temperature of composite PCM obtained with commercial wax-HDPE is
lower than that of wax-HDPE composite PCM obtained from LDPE. The melting point of pure wax which
is obtained with pyrolysis was 88 ℃, and the melting point of the composite prepared by mixing with 50%
HDPE increased to 110 ℃.
Keywords: HDPE, LDPE, PCM, Waste, Wax

1. INTRODUCTION
Energy is a critical component of reviewing the progress of society from different perspectives such as
technological development, environmental security, and economic progress around the world. To reduce the
dependence on fossil fuels and greenhouse gas emissions, the development of efficient and inexpensive
energy storage systems is essential [1],[2]. Therefore, innovative approaches in energy systems to control
climate change have become an area of significant research and there is a need to develop new materials and
technologies to successfully use/store the energy collected from renewable sources in their absence. At this
point, thermal energy storage (TES) is becoming increasingly important to overcome problems such as the
intermittent nature of renewable energy, the discrepancy between energy scarcity and demand, and managing
spatial and temporal mismatches [2]. Latent heat storage, sensible heat storage, and chemical energy storage
are commonly used types of TES. TES materials used for latent heat storage systems are also known as phase
change materials (PCMs) [3]. PCMs are substances with a high heat of fusion that can store or release large
amounts of energy through melting and solidification at certain temperatures. The market share of PCMs used
in latent heat storage systems is expected to reach $1 billion by 2026, from $477 million in 2021, according to
the Global Phase Change Materials Market's 2018-2023 report [4]. PCMs are classified as organics (paraffins
and fatty acids), inorganics (salt hydrates and metals), and eutectic combinations of organic and/or inorganic
1
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materials [5]. Among organic substances, fatty acids and paraffins as PCMs are the species that have received
the most attention by researchers. The fact that they do not have corrosive and toxic effects and have a
thermally stable structure makes organic substances superior to inorganic ones [6],[3]. (Acar, 2014; George,
2020). In order for a material to be used as a PCM, it must have some thermo-physical, chemical, kinetic and
economic properties given in Table 1.
Table 1. Important selection criteria of PCM as TES material [7].
Thermal Criteria

Physical
Criteria

Chemical Criteria

Kinetic Criteria

Economic Criteria

Good heat transfer

Small volume
change

Chemical stability

No supercooling

Affordable cost

Sufficient
crystallization rate

It should be easy to
obtain

High nucleation rate

Being recyclable

High latent
fusion

heat

of

Suitable phase transition
temperature

Proper phase
balance
High density
Low
vapor
pressure

Compatibility
building materials
Non toxic
Non abrasive
Non flammable

with

Low environmental
hazard

The melting and solidification temperature of the PCM is a key factor in TES system design. Thermal
conductivity and stability of materials are other factors to consider when selecting PCMs for applications.
The change in PCM density during a phase change is another parameter that affects designs [8]. Among many
PCM types, paraffin waxes are preferred in applications because they provide the desired properties [9].
Paraffins, also called "alkanes", are organic, colorless, odorless, straight or branched carbon chain saturated
hydrocarbons obtained mainly from petroleum products. Paraffins are mainly classified according to the
number of carbon atoms in the crystalline structure. Paraffin with 1-4 carbon atoms are gaseous under room
conditions and are known as pure alkanes. Paraffin with 5-17 carbon atoms is usually liquid at room
temperature, and those with more than 17 are waxes. Solid waxes are a mixture of saturated hydrocarbons and
are naturally linear, isodal or cycloalkanes. Paraffin waxes, whose carbon atom chain lengths generally vary
between 18 and 50, have a melting temperature of 30 to 90⁰C [10], [11], [12]. Paraffin waxes, mostly
consisting of straight chain n-alkanes, have high latent heat storage capacities. As the length of the chain
increases, the melting ranges of the waxes also increase, while the latent heat capacity of the melt is not
subject to any particular order. Paraffins provide high energy storage density relative to their low mass and
exhibit favorable melting and solidification with negligible supercooling. They are very stable chemically and
do not react with most chemicals. Paraffins are used in the commercial sector (candle making, paintings,
coatings, crayons, surf candles, etc.), the medical sector (cosmetic medicine, therapy therapy), the electrical
sector (insulators, accumulators and thermostats) and the mechanical sectors (lubrication, fuels) [13].
However, since they are produced from fossil-based non-renewable resources, their carbon footprints and
environmental impacts cannot be ignored.
Wax production from polyolefins with thermochemical conversion techniques that promote sustainability is
an effective way to reduce carbon footprint/environmental impacts [14]. In this sense, with pyrolysis, which
is one of the most effective methods as thermochemical conversion, the management of carbon-containing
wastes is carried out in a sustainable way and the potential value of the wastes is revealed [15]. Studies under
the waste perspective show that recycling of plastic waste by pyrolysis has approximately 50% lower climate
change impact and energy use than other methods [16]. Pyrolysis technology is a tertiary recycling technique
in which the thermochemical transformation of waste plastics is carried out using an inert gas environment
(for example, nitrogen, helium, argon) in a temperature range between 350 and 900°C [17]. The yield of the
products obtained by pyrolysis depends on the composition of the waste, the pyrolysis temperature, and the
heating rate. Lower pyrolysis temperatures result in more liquid product production, while higher
temperatures yield more gaseous products [18]. Various reactor and experimental configurations have been
made to convert plastics into valuable chemicals and products by pyrolysis. Fixed bed reactors are the most
used reactor type. Wax produced from pyrolysis of polyethylene by fixed bed reactor is considered the main
product of thermal pyrolysis at low heating rates at medium temperatures (400-600℃). Considering that the
pyrolysis test setups examined in the literature are cost-effective and allow the use of waste plastics in
different forms and in large quantities, it is thought that they may be commercially applicable for wax
synthesis [19]. Research on wax product analysis and application has recently gained momentum again, as its
market is expected to grow significantly by 70% by 2023 [14].
Low-density polyethylene (LDPE), high-density polyethylene (HDPE) and polypropylene (PP), which are
types of polyolefin plastics, constitute the majority of urban plastic waste [20]. Considering that the
maximum recycling rate for LDPE and HDPE is only around 30%, the inclusion of these materials in
composite material production is important considering environmental and economic factors. Polyethylenes

238

Composite Phase Change Materials Production from Waste Polyethylenes
Hasret Akgün, Zerrin Günkaya, Aysun Özkan, Müfide Banar
(PEs) are considered a polymer suitable for mixing with paraffin wax as PCM due to their high structural and
chemical similarity and prevention of wax leakage [21]. The use of waste LDPE as an alternative raw
material is important both for increasing environmental concerns and for improving the properties of
materials and reducing overall production costs [22]. Based on the studies examined at this point, the use of
the wax product obtained by the pyrolysis of LDPE as a paraffin wax or its machinability to obtain some
components for use in industry draws attention [23]. Compared to commercial wax derived from petroleum,
wax produced from LDPE has properties such as higher softening point, better dispersion, good chemical
stability, and is more resistant to flow, water and chemicals. The technology to convert PE waste into wax has
a large potential market [24]. Wax produced from waste LDPEs is more economical and efficient, produces
less harmful gas when burned, does not melt easily, and is relatively strong compared to commercial paraffin
wax [25].
The problems encountered in the recycling process and the loss of structural performances (material
properties and other properties) reduce the use of recycled plastics, leading to the search for alternative
processing methods to produce higher value products from plastic waste. Raw material recycling can be done
through pyrolysis, where plastics are thermally decomposed in an inert atmosphere. Pyrolysis, which provides
solid, liquid and gaseous products, has advantages over other methods such as economic end product
formation, reducing air pollution and supporting itself in terms of energy use.
In this study, it is aimed to manage the increasing amount of domestic and industrial waste plastic more
sustainably and circular, and on the other hand, to contribute to the rapidly growing market share of PCMs
used in TES. At this point, composite PCMs were produced by using wax product (LDPE-wax) obtained by
pyrolysis of waste LDPE and waste HDPE as supporting polymer material as an alternative to commercial
paraffin wax used as PCM in TES. The usability of LDPE-wax produced by pyrolysis as an alternative to
commercial paraffin wax in PCM production was analyzed.

2. MATERIAL AND METHODS
In the study, a wax with similar properties to commercial paraffin wax used as PCM was obtained by
pyrolysis of waste LDPE. Wax obtained as a result of pyrolysis and waste HDPE were mixed using extrusion
and composite PCMs were produced. Finally, composite PCMs were analyzed. The study was handled in
three stages. In the first stage, size reduction was applied to LDPE packaging waste collected from the local
market. In pyrolysis experiments, 10 g homogeneously prepared analytical sample was placed in a fixed bed
reactor with a volume of 240 cm3 made of 380 S stainless steel (Figure 1), swept with nitrogen gas at
atmospheric pressure. Waste LDPE was pyrolyzed at 400-500°C and 10°C/min heating rate. The product
accumulated in the liquid collection containers was washed with dichloromethane (DCM) solvent and LDPEwax obtained. Elemental analysis, FT-IR analysis, TGA analysis and DSC analysis of the obtained product
(LDPE-wax) and commercial paraffin wax were performed.

Figure 1. Schematic representation of the pyrolysis reactor

Composite PCMs were produced by mixing the screw speed at 35 rpm in an 8-zone twin-screw extruder with
a 16 mm diameter at a temperature of 150°C in the starting zone and 160°C in the other 7 zones. LDPE- wax
and waste HDPE were mixed in different mixing ratios (10/90-30/70-50/50). Extruder mixing procedures
were repeated using commercial paraffin wax to compare with the LDPE - wax obtained by pyrolysis. The
functional groups of the wax obtained as a result of the pyrolysis of waste LDPEs and the composite PCMs
formed as a result of the extrusion process were determined by FT-IR analyzer. In addition, their thermal
properties and thermal stability by TGA and DSC analysis.
Composite PCM production process by mixing PE-Wax/commercial paraffin wax and Waste HDPE by
extrusion method is given in Figure 2.
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Figure 2. The production process of the composite PCMs.

For elemental analysis, 1-2 mg of sample was analyzed in LECO elemental analyzer. Oxygen was calculated
from the difference.
The functional groups forming the obtained composites were analyzed by Fourier Transform Infrared
Spectroscopy (FT-IR) analysis with Shimadzu IR Tracer 100 device. Since the composites are solid at room
temperature, spectra were taken by forming a KBr disk. The chemical compatibility between PE-Wax
produced from waste LDPEs, commercial wax and PCMs prepared by mixing them with HDPE in different
proportions was determined in this way.
The thermal decomposition temperatures of the samples were measured using the TGA Q500 - TA
instrument. For TGA analysis, the samples weighing approximately 10-15 mg were placed in platinum pans
that did not react with the samples and were stable at high temperatures, and measurements were made. All
samples (approximately 10-15 mg) were heated from 30 °C to 800 °C in a nitrogen atmosphere under a
heating rate of 10 °C/min. The purpose of TGA analysis is to examine the thermal stability, immiscibility and
homogeneity of PCMs over the operating temperature range.
According to the heating program determined in the differential scanning calorimetry (DSC) analysis method,
the energy difference between the sample and the reference (empty aluminum pan) is examined as a function
of time or temperature. This analysis technique is often used for quantitative analysis of energy changes. It
measures the energy supplied to the sample to equalize the temperature between the sample and the reference.
The horizontal axis in the obtained DSC curve shows the temperature and the vertical axis shows the energy
transferred to the sample. In this graph, the intersection point of the tangents drawn to the point where the
peak occurs in the curve, the melting initiation temperature and the latent heat of melting or solidification are
determined by integrating the area under the peak. The software programs of the device are used to access
these data. The software programs of the device are also used to calculate the heat capacity of the sample.
One of the critical parameters in PCM applications is the storage and release of thermal energy. All samples
(5-7 mg) were cycled from 20 °C to 160 °C (heating/cooling) in nitrogen atmosphere with a heating/cooling
rate of 10 °C/min.
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3. RESULTS
The liquid product as a result of pyrolysis and commercial paraffin wax are shown in Figure 3 (a-b).

(a)

(b)

Figure 3. a) Wax product obtained as a result of the pyrolysis of waste LDPE, b) Commercial wax

Elemental analysis results of LDPE-wax and commercial paraffin wax are given in Table 2.
Table 2. Elemental analysis results
%

C

H

O

N

LDPE-wax

55.60

9.24

34.38

0.78

Commercial wax

57.57

9.43

32.34

0.66

TGA analysis results in which the degradation temperatures of LDPE-wax and commercial paraffin wax were
observed are given in Figure 4. When heat treatment is applied, decomposition of LDPE-wax starts at about
100 °C and continues up to 350 °C. Maximum mass loss was observed between 180 and 350 °C. At this
stage, it was observed that most of the volatiles evaporated, and 98% mass loss occurred in LDPE.

Figure 4. TGA curve of LDPE-wax,

FT-IR spectra of LDPE-wax/ commercial wax and PCMs produced by extruding with waxes and waste
HDPE in different ratios showed similar configurations (Figure 5). The resulting spectra show four main
characteristic IR bands at approximately 720, 1474, 2849, and 2912 assigned to –CH2– swinging, –CH
bending, –CH2– stretching, and –CH2– stretching, respectively. The presence of these peaks indicates the
presence of alkanes in LDPE-wax, commercial waxes, and composite PCMs. The presence of C=C extending
in wavebands of 1680–1600 cm-1 in the LDPE-wax is indicative of alkenes and aromatics [26]. As a result, no
difference in peak position and no new peaks were observed for all samples, indicating that there was no
chemical interaction between HDPE and waxes.
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Figure 5. FT-IR spectra of PCMs produced with LDPE-wax/commercial wax and waste HDPEs

According to FT-IR spectra, PCMs produced by extrusion method of LDPE-wax/commercial paraffin wax
and waste HDPE at different ratios (10-90/30-70/50-50) have very similar chemical structures for this reason
other analyzes (DSC and TGA) were applied for the products prepared at 50-50% mixing ratios.
TGA-DTA curves of 50% LDPE wax + waste HDPE and 50% commercial paraffin wax + waste HDPE are
shown in Figure 6 (a-b). According to Figure 6, HDPE and wax mixtures appear to degrade in two steps when
heat treated. This type of decomposition behavior is typical for immiscible mixtures where the components
have different decomposition temperatures. The first degradation step is associated with added wax and the
second step is HDPE degradation. Decomposition products are mainly hydrocarbon compounds, e.g. alkanes
(methane, ethane and propane). From the DTA curves, it is seen that the degradation range of PCM prepared
with HDPE+50% LDPE-Wax takes place in the temperature range of 458-510°C, while the degradation range
of PCM produced with HDPE + 50% Commercial paraffin wax is at 439-490°C. Because waxes have short
chains and are more thermally unstable than waste HDPE, thermal stability is reduced when mixed with
waste plastics.

(a)

(b)

Figure 6. TGA-DTA graphics of the produced PCMs a) 50% LDPE wax + waste HDPE/, c) 50% commercial paraffin wax
+ waste HDPE.

Melting (Tm) and solidification (Ts) temperatures and latent heats of melting (∆Hm), solidification (∆Hs) of
PCMs were measured using DSC device. Figure 7 shows the DSC results of the prepared samples. The first
peak represents the solid-solid phase transition, while the second peak represents the solid-liquid transition. In
cooling, reverse transitions were observed with ~10-20 °C subcooling. In most studies in the literature,
crystallization and/or melting temperature peaks for the wax component have not been reported for
polyethylene/wax mixtures. This may be because the wax chains are trapped in the amorphous part of the
polyethylene chains. Another possibility is the miscibility effect between polyethylene and wax in the crystal
region. Conversely, some studies reported the crystallization and/or melting temperatures of both wax and
polyethylene in PE/wax mixtures. This shows that a significant portion of the wax and polyethylene chains
crystallize and melt separately. In other cases, the wax peak crystallized and melted to form several multiple
peaks. This is indicative of some degree of heterogeneity in sequence lengths, as well as discrete crystal
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populations consisting of chains of different crystallizable lengths. However, many reports have revealed that
when the wax content increases in PE/wax blends, there is a decrease in the crystallization and melting
temperatures of the blends. This is an indication that polyethylene is plasticized by the molten wax,
increasing chain mobility and reducing the temperature at which it starts to crystallize (Gumede, 2021).
The melting and crystallization temperatures of composite PCMs vary according to the raw materials from
which the mixture is prepared. It is known from literature studies that the melting point of waste HDPE is
~130 ℃. When the DSC analysis results were examined, it was seen that the melting point of PCM prepared
with LDPE-wax and waste HDPE was 130.85 ⁰C. The enthalpy of crystallization and enthalpy of melting of
the prepared PCM are 119.5 and 99.31 J/g, respectively. The phase change enthalpies of the obtained material
are compatible with the enthalpies of materials prepared as composite PCM in the literature.

(a)

(b)

Figure 7. DSC curve for PCM prepared with 50% mixing ratios of LDPE-wax (a)/ Commercial wax (b) and waste HDPE

4. CONCLUSION
In this study, waste LDPEs were pyrolyzed under the conditions with the highest wax product yield according
to the TGA results and literature review. The obtained wax product (LDPE-wax) was compared with the
commercial paraffin wax used as PCM. Then, using waste HDPE as supporting material, LDPE-wax and
commercial paraffin wax were mixed in different ratios (10, 30 and 50% by weight) by extrusion method and
experimental studies were carried out for composite PCM production. It was observed that the composite
PCMs produced by extrusion were stable at room temperature, and their melting temperature and enthalpy
were similar to the literature studies.
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Abstract
Municipal waste incineration fly ash (MSWIFA) is categorized as hazardous waste because of its high
content of potentially toxic elements and other pollutants (e.g., heavy metal species and heavy metals
leaching). Stabilizing and immobilizing heavy metals in fly ash or removing dioxins are two significant
issues that must be overcome in treating and disposing of MSWIFA. This paper emphasizes state-of-art
findings from literatures on the challenges of using ashes from the combustion of municipal solid waste
(MSW). The reviewed articles suggested that the MSW ash can be safely used in various fields of
engineering. However, the risk of using these substances in terms of environmental and human health
conditions should be carefully considered.
Keywords: municipal solid waste, waste incineration, toxic elements, hazardous waste, fly ash.

1. INTRODUCTION
By 2050, the world is anticipated to produce 3.40 billion tons of waste annually, growing significantly from
the present’s 2.01 billion tons (Kaza et al. 2018). Reasons for the Municipal Solid Waste (MSW) growth are
the increase in urbanization and the development of the national economies. Three principal MSW treatment
procedures including incineration (at a temperature of 700-1000º C), dumping (landfilling), and composting,
have been widely employed (Xuan et al. 2018). Municipal solid waste, when poorly disposed of, will have a
negative influence on the ecological environment. Among these methods, incineration is the most popular
one, as it reduces the MSW volume to 90% and removes and kills viruses and bacteria (Lei et al. 2018).
Incineration solid residues (e.g., fly ash and bottom ash) changes from 5% to 30% wt of the wastes before
incineration and need further improvement (Shi and Kan 2009). Landfilling as the main form of waste
treatment in many countries, especially in areas with heavy rainfall when dumpsites are flooded, will cause
hazardous environmental problems for residents and is an urgent issue. MSW is a substantial source of
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methane, a strong greenhouse gas that has notably extreme short-term influences ((IEA) 2013). The emission
of methane from biodegradation of the organic waste fraction in improper landfills contributes to greenhouse
emissions. Although scientists have introduced plenty of innovations and developments in MSW
management, it is a complicated situation that requires immediate action. In recent years, governments have
boldly decided to include waste-to-energy facilities as an essential part of the long-term sustainable
management of MSW. In European countries such as Norway, Denmark, and Switzerland, as well as Asian
countries, including Japan and Singapore, waste incineration has been broadly developed as the principal
technique of MSW disposal (Dou et al. 2017). Figure 1 presents an overview of the incineration mechanism
and the principal by-products produced, and the use of energy generated during the process (Deltaway 2018).

Figure 1. Graphically describe a Waste-to-Energy (WtE) plant (Deltaway 2018).

Applying WtE for energy recovery through incineration decreases not only the MSW, but sustainable energy
is produced by generating steam from the incineration process and, therefore, heating and electricity for
dwellings (Ghouleh and Shao 2018). As MSW ash contains different contaminants, direct application of it as
building materials is prohibited; moreover, by-products must be frequently monitored for the leakage of
pollutants and isolated from the surrounding environment (Izquierdo et al. 2008). In different countries, based
on the level of public culture, how to separate waste from the source, type of waste, etc., waste is
characterized. Usually, in developing countries, MSW is characterized by a high level of organic and water
content (about 55% of MSW), which provides a low calorific value. ISWA recommended a minimum
average calorific value of 7 MJ/kg for incineration without supplementary fuel.

2. WTE PLANTS ASH MANAGEMENT
The most significant advantages of WtE plans and incineration are the removal of groundwater contamination
and the proper and efficient use of space (Keulen et al. 2016; Lam et al. 2010). However, there are some
negative aspects, such as dioxins emission into the environment and volatile heavy metals. Moreover, all
produced ashes (e.g., bottom ash) still do not have sustainable utilization and the waste life cycle is not
completed. The chemical characteristics of MWSIBA change significantly in different regions, which makes
standardization, efficiency comparison, and commercialization complex.
To enhance the efficiency of produced ashes, pre and post-incineration treatment of MSW is usually utilized.
Pre-treatment applies to decrease the organic matters and homogenize the input; however, post-treatment is
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used to enhance the quality of ash by eliminating ferrous and non-ferrous materials. However, the latter can
also be implemented as the pre-incineration process. Chemical and thermal treatments have recently been
used for the stabilization of heavy metals in MSWIFA (Ferraro et al. 2019). Organic materials of MSW ash
must be treated before being used in another application to decrease the organic matter level. To this end, the
output is placed in a reservoir for a specified time, to hydration reactions, biodegradation, and carbonation
occur (Arickx et al. 2007; Baciocchi et al. 2010). Research has shown that within the early months (i.e., 4
months), ash carbonation (production of calcite) and immobilization of contaminants advance due to
biodegradation (Freyssinet et al. 2002). This can decrease ash's pH and stabilize the heavy metal
transportability (Arickx et al. 2010). Lower pH in the environment can lead to hydration reactions and more
stable phases, including some contaminants that enhance the leaching performance (Baciocchi et al. 2010;
Cornelis et al. 2012). The chemical composition and quality of final ash are mainly related to the primary
component of MSW, in which land or in which season it is produced (Dhir et al. 2018). However, the
common elements are silicon, oxygen, aluminum, calcium, sodium, and inorganic carbon (Chandler et al.
1997). Therefore, depending on which waste is predominant, these compounds may be present in greater
amounts in the ash. Dominant phases typically develop and describe based on primary wastes such as glass
(i.e., construction glass waste, bottles, etc.), ceramics (e.g., clay-based materials and porcelain), minerals (i.e.,
quartz, feldspar, calcite, etc.), unburned organic matter (i.e., food waste, paper, bone, fabric, etc.),
paramagnetic metals (oxidized steel and iron, hematite, magnetite etc. that due to their smaller size cannot be
eliminated by magnetic procedure) and diamagnetic metals (i.e., copper and aluminum).

2.1. Bottom ash state-of-the-art applications
In recent years, a great deal of research has been done on new techniques for further improving the chemical
and physical characteristics of MSW BA before it could be used as a precursor in various industries. These
techniques include the influence of carbonation on the leaching of copper and organic carbon, rapid sintering,
hydrothermal solidification, alkaline hydrothermal treatment for zeolite production, Thermal treatment,
vitrification treatment, Two-stages washing treatment, Na2CO3 alkali treatment.
The effectiveness of the treatment and stabilization depends mainly on many factors such as the solubility of
the contaminants, specific surface area and particle size, liquid to solid ratio, treatment and curing duration
(Alam et al. 2019; Dhir et al. 2018).
Considering various issues related to BA treatment, other state-of-art techniques should be employed,
emphasizing reducing the environmental impacts and costs.
In many applications, coarse BA (particle size higher than 4 mm), due to the denser structure and lower
contaminant content compared with finer particles, is efficiently and more easily recycled. Therefore, lower
treatments are needed prior to applications, as a larger fraction usually has higher quality. The coarse fraction
can be used as aggregates in the pavement, road subbase, and different types of concrete. The pozzolanic
activity of BA suggested it as a cementitious material, fine aggregates, and ultrafine fillers in concrete
production (Cheng 2012; Polettini et al. 2009; Xuan et al. 2018). However, straight use of BA in mortar or
concrete would produce some crakes, swelling, and a significant reduction in mechanical strength (Tang et al.
2015).

2.2. Cold Bonded Aggregates (CBAs)
In an application, MSWIFA has been used in the cement-based cold bonding palletization process for the
production of lightweight artificial aggregate (Colangelo et al. 2017). Cold bonding granulation technology
was introduced as a simple technology with low energy consumption cost, in which via a specific binder and
water produce artificial aggregates that can substitute traditional aggregates (kumar Patel et al. 2018). The
selected fly ash (50 to 70 wt%) was mixed with lime, cement, and coal fly ash in the bonding pelletization
process (single and double-step), to form a binder. The final lightweight aggregates have desirable crushing
strength, density, and water absorption properties. Although most artificial lightweight aggregates are
produced by sintering (Frittage) with high temperature and energy consumption (Priyadharshini et al. 2012),
cold-bonded granulation technology produces artificial aggregates with lower energy and pollutant emissions.
However, as the mechanical strength of CBAs is almost lower than other types and cooperative matrix in
concrete has a weak strength under different loads, improving the characteristics of CBAs still interesting for
research. Moreover, although in a cold-bonded process, lower energy is needed (20 °C temperature and 70%
relative humidity), a relatively long curing time (28 d or higher) is considered a negative point (Gesoğlu et al.
2012).
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2.3. Alkali-activated MSWIFA and MSWIBA
In some engineering applications, MAWIFA has been used in a non-treated or pre-treated way, such as
making sulphoaluminate cementitious material, partly substituted by cement clinkers. Recently, the wastes
containing heavy metals have been stabilized with alkaline activation to solidify and immobilize hazardous
materials (Krivenko et al. 2018; Rasaki et al. 2019). In this technique, the final product is called an alkaliactivated material with a three-dimension network of cementitious hydration products that are produced in a
severe alkaline environment (i.e., sodium silicate, KOH, NaOH) with aluminosilicates precursor. The final
product, called geopolymer or alkali-activated material, depending on Ca content (Moghadam et al. 2019),
stabilizes hazardous materials and heavy metals through the geopolymerization process (Tian et al. 2020). As
MSWIFA contains some pozzolanic materials, the produced geopolymer has the advantage of stabilizing the
hazardous materials and supports an ability for the optimal use of MSWIFA. However, the purpose of
combining MSWIFA in geopolymerization is to stabilize the heavy metals; therefore, added ash acts as a
secondary precursor, which has a limit of use in the range of 10 to 40% (Guo et al. 2021). Utilization of
alkali-activated MSWIFA in concrete and mortar presents a different range of compressive strength from 0.3
to 160 MPa (Kurda et al. 2020).

3. CONCLUSION
Stabilizing and immobilizing heavy metals in the Municipal Solid Waste ashes (MSWA) or removing dioxins
are two significant issues that must be overcome in treating and disposing. Previous studies have shown that
fly ash (FA) and bottom ash (BA) treatment technologies can be used to produce a precursor for the
preparation of geopolymer and co-disposal with other wastes (i.e., red mud, Ground Granulated Blast-furnace
Slag (GGBS). Therefore, the synthesis of geopolymer using FA and BA as raw materials can effectively
reduce the potential harm to the environment from pollutants. Although research has been done in this field,
more research should still be done to enable the optimal use of these ashes.
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Physicochemical Characterization of Sizefractionated Municipal Solid Waste
Incineration Ash for Metal Recovery
Amirhomayoun Saffarzadeh1, Ryugo Tanaka2, Takayuki Shimaoka3
Abstract
In Japan, approximately 42 million tons of municipal waste is generated annually, about 80% of which is
processed at incineration facilities. Incinerator bottom ash and fly ash residues are generated during the
incineration process. Incinerator bottom ash mainly contains incombustible materials such as minerals
and glass, base metals such as copper and zinc, and precious metals such as gold and silver. If such
metals can be recovered and reused, bottom ash, which is mostly disposed of, can create economic value
and reduce the burden on the environment. However, many aspects of incinerator ash still have not been
elucidated in terms of their detailed characteristics and metal distribution relationships. Therefore, this
study focused on metal recovery from incineration ash and aimed to identify the physical and chemical
properties of five particle size fractions (> 4 mm, 2–4 mm, 1–2 mm, 0.5–1, and < 0.5 mm). For this
purpose, main ash (ash generated from the final stage of combustion) and dust ash (ash that falls from the
gap of the stoker in the early to middle stage of combustion) were collected from two anonymous
incinerators (K and S) in Japan. For bottom ash characterization purposes, several analytical techniques,
including X-ray fluorescence analysis, X-ray diffraction analysis, and scanning electron microscopy
coupled with backscattered electron analysis (SEM-EDX), were used to identify various phases in sizefractionated bottom ash. As a result, it was realized that the recovery efficiency could be improved by
removing particles of 0.5 mm or less and 4 mm or more. Future challenges include analyzing more
samples, examining collection methods, and investigating the economic value of metal recovery from
incinerator residues.
Keywords: Municipal solid waste; Bottom ash; Size fractionation; Heavy metals; Metal recovery

1. INTRODUCTION
Waste-to-energy (WtE) or incineration technology plays a vital role in treating municipal and hazardous
wastes [1], [2]. The annual amount of municipal solid waste generated in Japan amounts to 42 million tons,
about 80% of which is treated at waste-to-energy (WtE) or incineration facilities. Incineration produces both
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bottom ash and fly ash as the main products. Incinerator bottom ash mainly contains incombustible materials
such as glass, base metals such as copper and zinc, precious metals such as gold and silver, and rare metals
such as titanium. Suppose the metal elements contained in incinerated ash can be reused. In that case,
incinerated ash that would normally just be disposed of can create economic value and reduce the
environmental burden. The recovery of fine metallic phases formed during the characterization of incineration
bottom ash (BA) and the use of residual minerals have been consistently sought to reduce the consumption of
natural resources [3], [4]. However, many aspects of incineration ash still have not yet been clarified in terms
of detailed physical properties and relationships among metal distributions [5]. In this study, we focused on
the recovery of metals from incinerator ash and aimed to clarify the physical properties of incinerator ash in
each particle size category by performing X-ray fluorescence analysis and X-ray diffraction analysis on each
sieved particle size category.

2. MATERIALS AND METHODS
Table 1 shows a list of samples and the percentage of the dry mass of each sample by particle size (d)
category. The dust ash (ash that falls from the stoker during the drying and combustion stages) and the main
ash (ash that is produced during the post-combustion stage) generated at the two plants (referred to as K and S
plants) were used (Figure 1).
Table 1. Bottom ash and dust ash particle size distribution in two Plants K and S
Particle size
category

Dusat ash

(mm)

Mass ratio
(%)

Plant K

Plant S

Bottom ash

Dusat ash

Bottom ash

4 ≦ d

11.9

53.4

6.4

24.4

2 ≦ d<4

34.0

13.3

57.1

23.5

1 ≦ d<2

26.3

10.4

22.0

22.0

0.5 ≦ d < 1

14.2

7.9

9.4

11.8

d < 0.5

13.6

15.1

5.1

18.3

Flue gas
Waste feed

Stocker

Dust ash

Dust ash

Dust ash

Bottom ash

Figure 1. Locations of bottom ash and dust ash in a waste to energy (WtE) plant.

2.1. Analytical Methods
Noncombustible materials (metals, glass, rocks, etc.) that were difficult to pulverize were removed from the
sample and divided into five particle size categories using sieves of 4 mm, 2 mm, 1 mm, and 0.5 mm. The
elemental content was analyzed, and crystalline materials were identified.
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3. RESULTS AND DISCUSSION
3.1. Comparison of Elemental Content between Main Ash and Dust Ash
The elemental contents of zinc, copper, and lead in the samples from K and S plants are shown in Figures 2
and 3, respectively. The reason for the particularly high content of zinc and lead in the fallen dust ash is
thought to be that they melted during the drying and combustion stages due to their low melting points and
fell through the gaps in the grate [6]. On the other hand, the high copper content may be due to its high
specific gravity, which causes it to fall out at an early stage.

Plant K Dust ash

Plant S Dust ash

Figure 2. Metal content in dust ash.

Plant K Bottom ash

Plant S Bottom ash

Figure 3. Metal content in bottom ash.

3.2. Comparison of Element Concentrations in Different Particle Sizes
Iino et al. [6] showed that metals with low melting points (d < 1) and metals with high melting points (2 ≤ d)
had the highest elemental content in the small particle diameter side and the large particle diameter side,
respectively, but no similar trend by element was observed in this study. However, there were some trends
common to the incinerator ash samples from the two plants, such as a high content of metallic elements such
as zinc, copper, and lead in the 0.5 mm to 4 mm grain size range. Figures 4 and 5 show XRD results for
samples from two grain size segments of the main ash collected at the K plant, 4 mm ≤ d and d < 0.5 mm,
respectively. The results suggest that one of the reasons for the high content of metallic elements such as zinc,
copper, and lead in the 0.5 mm to 4 mm grain sizes is that there was more calcium oxide and calcium
carbonate in the 0.5 mm or smaller grain size fraction and silicon dioxide in the 4 mm or larger grain size
fraction (Figures 4 and 5).

Figure 4. XRD results K Plant Main ash (0.5 mm and
less).
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Figure 5. XRD results K Plant Main ash (4 mm and
more).
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Metal content of incineration ash (kg/t of ash)

Mass in dust ash

Mass in bottom ash

Figure 6. Content per ton of incineration ash (K and S Plants average).

3.3. Recovery Potential of Metals
In addition to zinc, copper, and lead, which showed significant differences between main ash and dust ash,
the study by Sakai [7] focused on antimony and titanium, which are elements contained in more than 80% of
the incinerator ash that is disposed of because it is not collected separately. Figure 6 shows the amount of
titanium dioxide, zinc, lead, and copper contained in one ton of incineration ash, separately for dust fall ash
and main ash (average values for K and S plants). However, antimony was excluded because the results of
XRF analysis showed that it contained almost no antimony. Since the mass ratio of fallen dust ash to main
ash is approximately 1:8, recovery of titanium from main ash alone is the most efficient since approximately
92% of the total titanium content is contained in main ash. Zinc and copper are contained in 75% and 77% of
the total content of incineration ash, respectively, and therefore, while recovering them preferentially from
dust ash, they should also be recovered from incineration ash in order to secure their quantity. On the other
hand, lead is concentrated in the dust ash, which accounts for about 52% of the total incineration ash content,
so it is recommended that lead be recovered only from the dust ash to increase efficiency.

3.4. Recovery Value of Metals
Titanium dioxide, zinc, lead, and copper detected in the above analysis cost 385,000 Yen (as of 2022),
201,000 Yen, 232,000 Yen, and 1,250,000 Yen (as of 2020) [8] per ton. Copper, which has the highest unit
price among these, has a manufacturing recycling rate of over 80%, so the need to recover it from incinerated
ash is considered somewhat low, but it may well be one of the ways to maximize the use of limited resources.
In addition, titanium dioxide, which has a slightly higher unit price, is in demand more than twice as much as
metallic titanium, is consumed in large quantities as a pigment, and has a purifying effect as a photocatalyst,
so it is currently rarely recycled despite being used in products that purify domestic wastewater and air [7].
Therefore, we believe that recovering titanium dioxide from incinerated ash is highly valuable from both
economic and environmental protection perspectives.

3.5. Methods of Metal Recovery
There are many methods for separating metals from incinerator ash, including the physical separation method
[9] for incinerator ash containing useful metals, which is rapidly gaining popularity in Europe in recent years,
and the scientific separation method for toxic metals, which is currently used at incinerator ash treatment
facilities in Japan. First, the physical separation method popular in Europe uses the difference in properties
between unoxidized metal particles and oxidized ash particles and is considered effective for particles of 10
mm or less. Specifically, the system consists of magnetic sorting, overcurrent sorting, pulverization, sieving,
wind sorting, and air table sorting. In Japan, various treatment methods are used to reduce the toxicity of
incinerator ash to below the standard value, but metal separation can be achieved by chemical treatment or
extraction using acid or other solvents. It is necessary to consider which metals should be selectively
separated and which recovery methods should be considered, taking profitability and reproducibility into
account.

4. CONCLUSIONS
Since dust ash contains a higher percentage of lead, zinc, and copper than the main ash, it was considered
advisable to separate and recover dust ash for the recovery of these three metals. However, given the small
percentage of dust from the dust heap, it is considered that the recovery efficiency of lead can be improved by
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recovering lead from the dust heap that has been separated and recovered, and the recovery of titanium
dioxide, zinc, and copper from incinerated ash (dust heap and main ash) without separating and recovering
the dust heap. The efficiency can also be improved by removing particles of 0.5 mm or smaller and 4 mm or
larger in diameter. Future issues to be addressed include the study of recovery methods and the economic
feasibility and necessity of the recovery project.
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Characterization of Poultry Litter Ash in
Environmental Point of View
İlker Acar1
Abstract
In this study, a poultry litter ash (PLA) sample was characterized in environmental point of view and
examined for its utilization potential as a raw material for P-based fertilizer. Within this scope, several
characterization methods, such as ICP-MS, SEM and EDX analyses were conducted. In addition, TS EN
12457-4 leaching test was performed to evaluate leachability characteristics of heavy metals. According
to the results, Ca, P and K were determined as the major elements in PLA with 29.54, 6.13 and 4.96%,
respectively. Although the sample contains 2472 ppm Zn and 922 ppm Cu, their solubility determined by
the leaching test is below the toxicity limit for hazardous waste. In particular, PLA is categorized as inert
and non-hazardous waste for the respective solubility of Cu and Zn probably due to the high
concentration of zinc. Despite its relatively much lower concentration compared to copper, solubility of
Cr makes PLA non-hazardous because of high mobility of chromium, especially hexavalent state. In terms
of the major elements, about 290 mg/l Ca was detected in the leachate, resulting in a pH value higher
than 13. High Ca solubility makes PLA a highly alkaline waste, causing the major difficulty for its direct
use as a fertilizer. P concentration in the leachate was found only 0.0092 mg/l, which also limits the use.
Overall results have suggested that the poultry litter ash sample examined could have a utilization
potential as a partial replacement material for the production of P-based fertilizers. However, its high
alkalinity should be neutralized prior to its use.
Keywords: Characterization, Environmental effect, Poultry litter ash, P-based fertilizer.

1. INTRODUCTION
The global livestock industry has been largely expanding to meet the incessantly increasing demand for food.
It accounts for 40-50% of worldwide agricultural gross domestic product and provides one-third of
humanity’s protein need [1], [2]. Global livestock production is expected to increase by 14% between 2020
and 2029, about half of which will belong to poultry mainly due to its short production cycle and relatively
low price compared to other protein sources [2], [3]. In addition, according to the European Union, there will
be 8.44% increase in poultry meat production from 2019 to 2027 [4]. Hence, a large quantity of poultry litter
is generated, probably aggravating the management of this waste [2], [4].
Poultry litter is a mixture of bedding material, waste feed, dead birds, broken eggs and chicken feathers. Its
generated amount varies in the range of 1.5-5.7 kg of litter/bird [2]. The annual production of dry chicken
manure in the USA alone is around 12 billion pound [5]. The traditional recycling method of poultry litter is
direct land application as a source of nutrients (N, K and P) for agricultural crops. However, intensive poultry
1
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farming dramatically changed this situation, resulting in various environmental issues including
eutrophication of water bodies, spread of pathogens, production of phytotoxic substances, air pollution and
greenhouse gases, mainly methane and nitrous oxide [2], [6], [7].
Although there are some alternative technologies such as compaction, composting, anaerobic digestion and
solid-liquid separation, the most suitable management of poultry litter is considered as thermal processes
including combustion, pyrolysis and gasification mainly due to its relatively low moisture content as well as
recovery of energy and nutrients [2], [6]. From the thermal processes, the most desirable technology with
commercial scale applications is by far combustion which is currently used in the USA, UK and Netherlands
for the production of heat and electricity and recovery of poultry litter ash (PLA) [2].
The type of poultry, feeding properties, bedding materials and the incineration process conditions used
determines the elemental composition of PLA. Typically, PLA contains 2-10% P, 12-32% Ca and 6-15% K in
oxide forms, making it a potential raw material for P-based fertilizers. However, it also includes heavy metals
such as Cu and Zn originating from poultry diet as a typical supplement and bedding materials. This may
constitute a significant obstacle for direct use of PLA as a fertilizer depending on local legislation [2], [4],
[7]–[9]. Since the reuse of waste and by-products is a fundamental principle of circular economy, accurate
characterization of PLA especially for its heavy metal contents should be determined for its possible bulk
utilization, which seems to be as a raw material for P-based fertilizers [4].
In this study, an ash sample resulted from combustion of chicken litter was characterized in environmental
point of view and examined for its utilization potential as a fertilizer.

2. EXPERIMENTAL
2.1. Materials
The poultry litter ash sample was provided from Güres Power Plant (Turkey). The PLA sample used is
generated as the underflow product of the cyclone in the biomass power plant. The sample was first dried for
24 h at 105oC prior to its use. The solid sample was digested with a mixture of hydrofluoric (HF), nitric
(HNO3) and hydrochloric (HCl) acids for subsequent determination of elements based on the European
standard EN 13656:2002 [8]. Distilled water was used throughout the experiments.

2.2. Methods
Elemental composition and heavy metal contents were determined by an Agilent 7800 inductively coupled
plasma (ICP)-mass spectroscopy (MS) instrument after the complete digestion of the sample with microwave
assisted operation. Within this scope, Ca, P, K, Mg and Na were analyzed as major elements while heavy
metal contents were determined for seven elements including Cu and Zn. Leachability characteristics were
also examined for the heavy metals in accordance with TS EN 12457-4 leaching test [10]. According to this
test, suspension with liquid to solid ratio of 10 by mass was first prepared using distilled water and then
continuously agitated for 24 h at 25oC. After filtration, the filtrate was then analyzed by ICP-MS. The
regulation of hazardous waste in Turkish standard (Appendix 11-A) was used to evaluate the obtained heavy
metal contents for their toxicity limits [10]. The pH measurements were also performed on the leachate using
a calibrated Mettler Toledo pH-meter. Furthermore, microstructural characterization and point elemental
contents were determined using a high-resolution Zeiss Sigma 300 scanning electron microscope (SEM)
equipped with an energy dispersive X-ray (EDX) analyzer.

3. RESULTS AND DISCUSSION
3.1. Chemical Composition
Table 1 shows elemental composition of the PLA sample determined by ICP-MS analysis. As seen in Table
1, since Ca is the main supplement added as a calcium phosphate and Na, K and Mg are nutrients typically
added as chlorides in the poultry diet, Ca was detected as the major component in the sample with 29.54% by
weight, followed by P and K with 6.13 and 4.96%, respectively. On the other hand, Si, Fe and Al were found
as minor elements, all of which have concentrations less than 1%. All of these results are in line with the
literature studies conducted by Pandey et al. and Rivera et al. [2], [11].
Heavy metal concentrations of the sample are given in Table 2 for seven elements. As clearly seen in Table 2,
concentrations of Zn and Cu are a way higher compared to the other elements examined. Specifically,
concentrations of Zn and Cu were sequentially determined to be 2472 and 922 ppm whereas all of Ni, Cr, Pb,
Cd and Co have a concentration less than 50 ppm. Similar results were also reported in the literature studies
[11].
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Table 1. Elemental composition of the PLA sample
Element
Ca
P
K
Mg
Na
Si
Fe
Al

Content (Wt. %)
29.54
6.13
4.96
2.83
1.15
0.92
0.37
0.18

Table 2. Heavy metal concentrations of the sample
Heavy metal
Zn
Cu
Ni
Cr
Pb
Cd
Co

Concentration (ppm)
2472
922
35.36
30.17
27.82
13.04
3.93

The leachability characteristics of seven heavy metals from PLA are exhibited in Table 3. According to Table
3, PLA is far from being considered as hazardous waste in terms of the leaching capacities of all the metals
examined except Cr and Zn, which was determined in the region of non-hazardous waste. In addition,
solubility of Cd, Co, Cu, Ni and Pb are even a way below the toxicity limits for non-hazardous waste. In
particular, based on the TS EN 12457-4 leaching test, solubility of Cr and Zn were found as 0.4338 and
1.1950 mg/l, respectively. As seen in Table 2, although PLA contains much higher Cu concentration (922
ppm) than Cr (30.17 ppm), high solubility of chromium can be attributed to its extremely high mobility,
particularly its hexavalent state.
Table 3. Leachability characteristics of heavy metals

a

Element

Solubility (mg/l)

Cd
Co
Cr
Cu
Ni
Pb
Zn

0.0009
0.0001
0.4338
0.0033
0.0002
0.0014
1.1950

Inert waste.
Non-hazardous waste.
Hazardous waste.
d
Not included.

Toxicity limits (mg/l) (Appendix 11-A)
IWa
≤ 0.004
NId
≤ 0.05
≤ 0.2
≤ 0.04
≤ 0.05
≤ 0.4

NHWb
0.004-0.1
NId
0.05-1
0.2-5
0.04-1
0.05-1
0.4-5

HWc
< 0.1-0.5
NId
< 1-7
< 5-10
< 1-4
< 1-5
< 5-20

b
c

In addition to the heavy metals, the leachability characteristics of the two major elements, Ca and P, were also
determined in accordance with the TS EN 12457-4 leaching test. According to the experimental results,
concentrations of Ca and P in the leachate were found as 289.8102 and 0.0092 mg/l, respectively. Low water
solubility of P was also reported in the literature [12]. Furthermore, pH of the leachate was measured as
13.12. Both low water solubility of P and highly alkaline properties constitute a significant obstacle for direct
use of the PLA as a fertilizer, all of which are also well correlated with the literature [11].

3.2. Microstructural Characterization
Figure 1 illustrates the SEM images of PLA sample. General view of particles seen in Figure 1 (a) indicates
that PLA is generally composed of coarse particles with average size of 40-50 µm. The SEM images with
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different magnifications can also be seen in Figure 1 (b)-(d). According to Figure 1 (c)-(d), PLA sample
consists of particles with various sizes and irregular shapes and mainly two crystalline phases, hydroxyapatite
(Ca5(PO4)3(OH)) and calcite (CaCO3) [11].
Point elemental contents of PLA were examined using EDX analysis conducted during the SEM
investigations. According to the EDX spectra shown in Figure 2, in line with the ICP-MS analysis, O, Ca, P
and K constitute the main structure of the sample. Specifically, Ca, P and K contents were sequentially found
as 36.40, 14.54 and 2.78% by weight as seen from the table in Figure 2.

(a)

(b)

(d)

(c)

Figure 1. SEM images of PLA sample

Intensity

O

Element Weight %
O
44.74
Ca
36.40
P
14.54
K
2.78
Mg
1.54

Ca
P

K

0

Mg

K

2

Ca

4

Energy (keV)

6

8

Figure 2. EDX spectra and elemental composition of the PLA sample

4. CONCLUSION
In this study, a poultry litter ash sample was characterized in environmental point of view. According to the
experimental results, the sample is mainly constituted by oxide forms of Ca, P and K, which were found as
the respective 29.54, 6.13 and 4.96% as a result of the poultry diet. Zn and Cu were determined as the major
heavy metals with the concentrations of 2472 and 922 ppm, respectively. However, solubility of Cu with
water is a way below the toxicity limit for non-hazardous waste while that of Cr and Zn were determined in
the region of non-hazardous waste probably due to high mobility of chromium and high concentration of zinc
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in the sample. In terms of the major elements, Ca has high solubility with a concentration of about 290 mg/l
in the leachate, making PLA a highly alkaline waste. This is the major difficulty for its direct use as a
fertilizer which is also hindered by the low water solubility of P with 0.0092 mg/l. Overall results have shown
that although PLA sample is not labeled as a hazardous waste, its direct application on land seems to be not
possible mainly due to its very high alkalinity and low water solubility of P. On the other hand, PLA can be
used as a partial replacement material for the production of P-based fertilizers after removing its highly
alkaline conditions. If it is dumped as a waste in landfill, storage conditions should be carefully controlled.
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Energy Potential of C4 Sweet Sorghum
Fertilized with Biomass Ash Vermicompost
Under Bitlis Ecological Condition
G.Aslı Turp1, Saim Özdemir2
Abstract
Generation of the huge amount of bio-waste and their residues including incineration ash is a major
technical and sustainability problem. Vermicomposting those wastes could be the feasible option to
manage both bio-wastes and their products in an environmentally friendly way for closing material cycle
loop in bio-energy production. Sweet sorghum is a plant that can adapt very quickly to arid climatic
conditions thanks to its special stem and root structure. The high photosynthetic activity of sweet sorghum
is important for food, feed, energy and industrial productions in high solar energy and water scarcity
conditions. This study provides a general overview of viability of biomass vermicomposting processes and
its potential use as a nutrient source for C4-sweet sorghum in high solar potential but low water
availability of Bitlis ecological conditions. In the climate conditions of Bitlis, the best yield was obtained
in the application of vermicompost containing biomass 10.0% (T3). Plant height, plant weight, cane and
juice yields were recorded as 133 cm, 146 g, 180 kg/da and 105 L/da, respectively.
Keywords: Sweet Sorghum, Biomass ash, Vermicompost Application, Biomass

1.

INTRODUCTION

Sweet sorghum plant (Sorghum bicolor var. saccharatum (L.) Mohlenbr) is an annual C4 plant. With the
photosynthesis it performs, it uses the carbon dioxide in the environment efficiently and converts it into
biomass. The sweet sorghum plant is grown for its stems with high sugar content, and the sugar content in the
juice is very important. Although the sugar content in the plant stem is one of the most important features,
researches focus on increasing the sugar accumulation in the fruit juice content [1]. Sweet sorghum plant
becomes an important bioenergy raw material due to the accumulation of fermentable sugar in the stem. In
order to increase the sugar yield obtained from the plant stem, by applying repetitive selections in different
populations, increases in data such as plant height, biomass yield, Brix have been recorded through genetic
progression [2]. There may be a positive relationship between the sugar accumulation in the plant stems and
the plant height, but since the physiological or genetic mechanisms underlying the sugar accumulation are not
fully understood, as a result of the studies in different variations, the high sugar concentration is not due to the
tallness of the plants; It has been suggested that developing a short sweet sorghum strain would be more
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beneficial [3]. Application of simplified methods for estimating fermentable sugar yield, baguette obtained
from sweet sorghum stalks, sugar content in water extraction, soluble matter content (glucose, fructose and
sucrose) of extracted fruit juice and moisture content and soluble content of bagasse in analysis by high liquid
chromatography. The substance content was compared. There is no difference in the sugar content of the
water squeezed from the plant stem and the water remaining in the stems. Analyzing only the juice or pulp is
considered the simplest method for estimating the sugar content from the whole stem [4]. It is thought that the
two parts of sweet sorghum, consisting of stalk and cluster, have a negative relationship on sugar
concentration. Examining the effect of eliminating the grain pool producing sweet sorghum on total
fermentable sugar yield, Brix showed that wet and dry biomass and total sugar increased significantly. In
order to maximize sugar yield in biofuel production, it is recommended to further develop sorghum varieties
without a grain pool [5]. Sweet sorghum, which is grown as an alternative plant for biogas production in
drought-prone environments, shows that its dry weight is 27% higher as a result of comparisons with corn
under severe drought. The reason for this is attributed to the deep root structure of the sweet sorghum plant
and the high rate of roots in the subsoil [6]. Research is being carried out to determine extractable juice
quality by evaluating biomass and grain yield for bioethanol production in five different varieties of sweet
sorghum. Theoretical sugar and ethanol yields were always higher for the Keller strain under all production
conditions. In addition, the Keller genus has the highest starch content, although the yield is quite low for
other species [7]. Yield rates can be increased by applying a balanced fertilizer to the sweet sorghum plant,
which is very compatible with dry and hot climate conditions. When the effects of nitrogen and potassium
fertilizers on growth parameters of sweet sorghum varieties are examined, it is noted that 180 kg of urea
application per hectare at physiological maturity increased the stem height by 12.65%, the stem wet weight
by 24.57%, the total wet weight by 78.22% and the total sugar by 39.25%. In 50 kg potassium sulfate
application, it is recommended to apply both fertilizers with an increase of 24.33% in stem wet weight,
25.44% in total wet weight, and 10.50% in total sugar [8]. Ethanol production and applications to increase the
stem sugar yield on sweet sorghum plant, which is known for its high N utilization efficiency, also reported
the optimum N fertilizer applications as 59-110 kg N ha-1 and 200 kg N ha-1, respectively. It has been
observed that high N ratios also reduce properties such as sugar quality and ethanol yield [9].
For the sweet sorghum plant, environmental practices should be preferred, where we will control chemical
fertilizer releases without sacrificing biomass yield. As an alternative to chemical fertilization, plant yield can
be increased with the vermicompost method, in which the amount of nutrients is increased by combining the
bioash (BA) produced in biomass burning plants with cattle manure. Biomass ash contains high levels of
most fertilizer nutrients such as phosphorus and potassium. However, due to its high pH value for agricultural
use, it remains in the background in agricultural applications. Although different methods are applied to
recover the apatite form phosphorus in the biomass ash content, vermicompost application can be sustained
and it can be an environmentally friendly recovery [10]. Calculated BA amount was homogeneously
included in the raw cattle manure to obtain the final NPK content of 0.0% (T0) without BA, 3.5% (T1), 7.0%
(T2) and 10.0% (T3) in vermicompost samples for the fertilization to be applied. [11]. In this study, it was
investigated how the sweet sorghum plant, in which biomass ash and nutrient enriched vermicompost applied
at different rates, had an effect on the properties such as wet and dry biomass, Brix, and plant height in Bitlis,
Turkey, which has terrestrial climatic conditions.

2.
2.1.

MATERIAL AND METHODS
Vermicomposting

Vermicompost was prepared using dairy cattle manure and biomass plant ash. Bio ash (BA) was obtained
from a biomass power plant located in Sakarya, Turkey. Bio ash content consists of sawdust, forest waste, nut
shells and poultry bedding litter. The Turkish compost regulation states the total value for N, P and K in
vermicompost as 7.0%. Considering this limit value, the final NPK content in the vermicompost samples was
0.0% (T0 without BA), 3.5% (T1), 7.0% (T2) and 10.0% (T) in the vermicompost samples, respectively. was
included in the fertilizer [10]. BA samples mixed with cattle manure were composted aerobically for 21 days
to prevent adverse effects on worms, and volatile and toxic substances were removed. The vermicompostforming materials were incubated at room temperature and humid conditions by spraying water on the surface
in a dark environment. Processing was carried out for 60 days to mature the compost [12].

2.2.

Plant

Sweet sorghum plant has a high adaptability in the face of dry and hot climate thanks to its deep root
structure. The seed of the sweet sorghum plant was obtained from Güneş Şeker. The plant was germinated in
the seedling viol. The germinated sweet sorghum plant was planted at 30 cm intervals on the 5mx0.3m
planting area. Sweet sorghum is a plant with high resistance to terrestrial climatic conditions and anhydrous
environments thanks to its root structure. In addition, the province of Bitlis has been chosen as a model plant
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because of the high sunshine hours and the rapid growth thanks to the photosynthesis performed by the sweet
sorghum plant.

2.3.

Soil sampling and characterization

The experimental soil in dry and hot continental climate conditions was sampled from the cultivated area
located in Tatvan district of Bitlis province (GPS 38.509441 N, 42.341652 E, altitude above sea level: 1690
m). Soil sample was sampled from surface horizons (0-20 cm). The chemical properties of the soil and
biomass ash belonging to the Bitlis-Tatvan district where the experiment was carried out are given in Table 1.
Table 1. Physicochemical properties of experimental soil and Bio Ash [10] (values are the mean ± standard deviation of
three samples, each measured in triplicate).
Parameter
Bitlis soil
Biomass ash (BA)
pH

7.45 ± 0.04

13.04 ± 0.20

EC (dS m–1)

0.34 ± 0.02

27.43 ± 0.55

Organic matter (%)

1.16 ± 0.03

1.98 ± 0.01

Kjeldahl N (%)

0.10 ± 0.07

ND

P (mg kg–1)

45.94 ± 1.15

13212 ± 1.56

K (mg kg–1)

83.66 ± 2.40

17554 ± 2.56

Ca (mg kg–1)

390.00 ± 8.80

32724 ± 1.23

Mg (mg kg )

180.70 ± 2.10

5385 ± 1.19

Fe (mg kg–1)

29.04 ± 1.25

2563 ± 2.46

–1

Mn (mg kg )

32.38 ± 1.87

950 ± 1.09

Zn (mg kg–1)

2.94 ± 0.16

1222 ± 1.62

–1

Cu (mg kg–1

67 ± 0.86

EC, electrical conductivity; dS, deciSiemens; ND, not detected.

2.4.

Meteorological Conditions

The average data for the climate of the Bitlis trial site for the years 1959 and 2021 were obtained from the
general directorate of meteorology.
Average Monthly Total Rainfall (mm)
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Figure 1. Long-term average precipitation, highest and lowest air temperatures for the years 1959-2021 in the province of
Bitlis.
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According to the data obtained, the average precipitation is 1046 mm and most of the precipitation occurs in
spring and winter. The average rainfall during the sweet sorghum growth period (May-September) is 33 mm.
During the sweet sorghum growing period, the highest temperature was recorded as 29.3 °C in August [13].
In addition, during the growth period of the plant, there was not enough rainfall to meet the water need of the
plant, and irrigation was carried out with the drip irrigation method.

2.5.

Brix Measurement

Brix (%) values of sweet sorghum plant were determined by looking in the field with the help of for HandHeld refractometer. The Brix counter was set to zero with distilled water and measured by taking a small
amount of juice into the counter [1].

2.6.

Calculation of sweet sorghum plant data

Sweet sorghum plants, which were harvested by leaving a stubble height of 5 cm from the planting area of the
sweet sorghum plant, were weighed, and then the branches and leaves were separated and the leafless stem
weight was noted. The stem thickness of the plants was measured with the help of caliper from a height of 30
cm from the ground and recorded. The plant samples brought to the laboratory environment were dried in an
oven at 70°C and their dry weights were weighed. Calculations were made with the help of the following
formulas (1), (2), (3) with the data at hand [14].

Fluid Rate:

("#$%&#'' ')#* +#,-.) (/-)1234 +#,-.)(/-))
"#$%&#'' 53$67. +#,-.) (/-)

Cane Yield (kg da-1):

" 100

+#) +#,-.) (/-)

(2)

",9:,2 ;*<:6)(")

(3)

8&$6),6- $3#$(2$)

Juice Yield (L da -1): 8&$6),6- $3#$ (2$)

3.
3.1.

(1)

RESULTS AND DISCUSSIONS
Characterization of Biomass Ash and Experimental Soil

Total elemental composition analysis of biomass ash was done by ICP-MS. According to the analysis results,
it was recorded as 32724, 17554, 13212 and 5385 mg kg-1 for calcium (Ca), potassium (K), phosphorus (P)
and magnesium (Mg), respectively (Table 1). Biomass power plant ash includes forest waste, agricultural
products and poultry bedding material as content. In previous studies, the most abundant elements in biomass
ash content were recorded as calcium and potassium. Due to the presence of alkaline compounds, the pH
value was recorded in the range of 12-13. The use of ash produced by biomass combustion as an additive to
the composting process is envisaged as a potential solution to the most common critical problems [15].

3.2.

Plant growth parameters,

As a result of applications made for varying levels of biomass ash vermicompost, weight, height, sugar
content (Brix), cane and fruit juice yield of sweet sorghum plant were examined under continental climate
conditions. The averages of the parameters among the BA ratios in vermicompost applications containing BA
ash in continental climate conditions are presented (Figure 2). Brix % rates are higher than other applications
as T3>T2. The Brix ratio of the plant in continental climate was brought to the range of 17-18% with BA
vermicompost fertilization. Nitrogen (N) and Potassium (P) fertilized two different varieties (Rio and Keller)
sweet sorghum plant obtained 18% Brix rates with different amounts of N and P applications [8].
In vermicompost applications containing BA ash, an increase in plant height was observed regardless of the
ratio. The height of a sweet sorghum plant is directly proportional to its biomass yield. The plant height is
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SWEET SORGHUM GROWTH
PARAMETERS

between 60-110 cm and it is T3>T2>T4>T0 respectively. Plant height is generally controlled by maturity and
internode length. The longer the plant stays vegetative, the more leaves and height it makes. Typically, the
stems contain 12-22% sugar. Although a positive relationship has been established between height and sugar
accumulation, studies have shown that high sugar concentration is not only proportional to height, but it is
possible to breed short and high sugar strains [16].
When the available data for the sweet sorghum plant, which has the ability to produce high biomass, are
examined, the application of T3 (10% biomass ash vermicompost) is 70% higher than the application of T4
(without fertilizer).
Transforming BA ash, which has a high plant nutrient content, into a fertilizer form that can be used by plants
by the vermicompost method and fertilization at different rates, the relationship between the amount of
fertilizer for the growth of sweet sorghum plant is evaluated, and T3 and T2 applications between cane and
fruit juice yields are much higher than other fertilization amounts. reached.

T0
Height (cm)

T1
Weight (kg)

T2
Brix (%)

T3
Cane Yield (kg/da)

T4
Juice Yield (L/da)

Figure 2. Biomass yield parameters of sweet sorghum plant grown in continental climate conditions with BA vermicompost
application (T0 = 0.0%, T1 = 3.5%, T2 = 7.0%, T3 = 10.0% biomass ash and micompost, T4 = fertilizer-free control)

4.

CONCLUSIONS

Sweet sorghum is a plant with lower water requirement, drought and salinity tolerant, and a short growth
period due to its high photosynthetic efficiency. The changes of vermicompost obtained from cattle manure
mixed with BA ash for sweet sorghum plant grown in Bitlis continental climate conditions on the plant were
investigated. As a result of the analyzes made on the harvested stems to determine the post-harvest changes,
the average best yields of different parameters were listed as T3>T2>T4>T1>T0. It is promising that biomass
yield can be improved with the application of sweet sorghum plant BA vermicompost, which is preferred due
to advantages such as low input requirements in Bitlis climatic conditions where the amount of dry and water
is limited. Vermicompost has been investigated as an alternate source of conventional chemical fertilizer; the
results revealed the significant effect of vermicompost on plant growth, yield, and quality parameters of the
products. The vermicompost and crop growth experiments have shown that it is feasible to obtain nutrientrich vermicompost by adding BA to bio-waste cow dung and vermicomposting of those materials back into
the production cycle of biomass energy crops solves the problem of waste disposal, thus minimizing
environmental pollution.
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Evaluating Compost for Hydrogen and
Methane Rich Gas Production via
Supercritical Water Gasification
Eyup Yildirir 1, Nihal Cengiz 2, Levent Ballice2
Abstract
The compost produced from organic wastes (MSW, city market’s wastes and wood dust) was selected to
be processed via supercritical water gasification (SCWG) in order to produce gas product consisting of
hydrogen and methane mainly. The effects of parameters such as temperature, reaction time and KOH as
additive were determined and around 55 vol.% of H2 and CH4 in the gas product was found after 30 min
reaction time together with KOH, at 500oC. The red mud catalysts did not improve the gasification yields
even though they increased the calorific value of the product gas.
Keywords: Supercritical Water Gasification, Compost, Hydrogen, Methane

1. INTRODUCTION
Utilizing organic wastes as a resource for clean energy and chemical feedstock production has been gaining
much attention recently since the global municipal solid waste (MSW) production was recorded as 2.01
billion tonnes per year according to a report published in 2018 by Worldbank. Unfortunately, around 33% of
this waste is not managed properly and creating risks to the environment [1]. Currently the main disposal
method of wastes is landfilling, as 37% of waste produced is landfilled globally. 33% of total waste is
managed by open dumping which is commonly seen in economically low developed countries. The share of
recovery through recycling and composting remains at 33% and 11% of the waste is incinerated for energy
production [1]. Turkey as a developing country produced 32.2 million tons of MSW and 67.2% of it was
landfilled to controlled sites, and 20.2% was delivered to open dumping sites in 2018. While the recovered
waste amount had a share of 11.9%; 0.38% was composted showing that Turkey needs new routes to deal
with the MSW to maintain an environmentally and economically more sustainable waste management [2].
Composting is a biological process to convert organic wastes such as sewage sludge, municipal solid waste
etc., into soil amendments. By definition, it is homogenization of mixed organic wastes by means of
thermophilic process at a temperature range of 45 to 65oC [3], [4]. The final products after the process have
nutrients for the soil, humic acid and metals together with high moisture content around 40 to 60 wt.% [5].
There are reports in the literature criticizing the usage of compost as soil amendment since it has pathogens
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and heavy metals which are hazardous for the humans. Although vermicomposting, which is the stabilizing
the organic wastes or compost by the digestion of earthworms and micro-organisms at 35oC reduce somewhat
human pathogens, regulations by the governments limit the usage of compost and vermicompost due to their
hazard to human health [6]. Therefore, if new evaluation methods were suggested, compost as a cheap
product gathered from the MSW could be a valuable feedstock and a new route for waste management.
As a thermo-chemical conversion method, supercritical water gasification process could be applied to
compost to produce H2 and CH4 rich gas fuel. The high water content of the compost, therefore could
participate in the production of gas products since water undergoes tremendous changes when the conditions
reach critical point (374oC, 22.1 MPa). This will prevent a costly pre-drying process which will be required
for a pyrolysis or conventional gasification of compost to produce gas fuel.
In this study, the compost produced from organic wastes (MSW, city market’s wastes and wood dust) was
selected to be processed via supercritical water gasification (SCWG) in order to produce gas product
consisting of hydrogen and methane mainly. Its being waste driven material and its cost around 35 TL/kg
make compost a favourable feed for energy fuel production since composting could be regarded as a
homogenization process for the feed. In addition, SCWG process eliminates the costly drying process
therefore the high moisture content becomes an advantage. The effects of parameters such as temperature,
reaction time, particle size and solid/water ratio were investigated. Red mud as another waste material was
activated and used as catalyst together with KOH to determine their effects on the product yields.

2. EXPERIMENTAL
2.1. Samples
Compost sample was purchased from a local company, from Izmir, Turkey. The compost originally contained
around 65 wt.% of water, therefore it was air dried, and then sieved and separated to 3 different mesh sizes
for determining the effect of particle size. Red mud was supplied by Alumina Plant in Seydisehir, Turkey, as
a sludge and it was filtered and dried at 110 oC. Original red mud contained Fe2O3 (37.7%), Al2O3 (17.3%),
SiO2 (17.1%), Na2O (7.1%), CaO (4.5%), and TiO2 (4.8%). Activated red mud was prepared by placing 600
mL of red mud slurry (~30 % solid content) into a 1 L beaker and heating up to 95 oC while mixing. The pH
of the slurry adjusted to be 4-6 by adding 35-37 % of HCl (d=1.18 g/cm3) dropwise and finally at 95 oC it was
held for one hour. NH3 (25 %, d=0.91 g/cm3) was added into mixture until obtaining a pH of 8. The mixture
was heated further for 1 hour at 95 oC and then filtered and washed. Finally, the filter cake was dried at 110
o
C overnight, calcined at 500 oC for 2 hours. KOH was purchased from Sigma-Aldrich.

2.2. Experimental Set-up
The supercritical water gasification experiments were performed in a batch autoclave reactor system where
the details were given in elsewhere [7]. 1.11 g of compost along with 10 ml of deionized water were fed to
the reactor, after the particle size and intended water content of the feed was adjusted. The reactor then
purged with nitrogen, sealed and heated with a heating rate of 12 oC/min to the designated temperature. When
the set temperature reached, the temperature kept constant for the specified reaction time. After completion of
the gasification, the reactor was cooled to room temperature by means of a fan. The gas product was collected
with a gas-tight syringe and its volume was measured. The reaction effluent was filtered, washed with
deionized water and the remaining char was dried and its weight were determined. A sample from the final
gas product was injected to HP 7890 A gas chromatography device which is equipped with TCD, FID, TCD
detectors connected in series, after each experiment to determine the gas composition. The gross calorific
value of gas products was calculated according to the equation (1)
(1)
Where i,.., n=each combustible gas in the product mixture and Xi denotes for mass fraction of each gas in the
product mixture. HHVi is the higher heating value of each gas [MJ/kg] (values taken from [8]) .

3. RESULTS
Supercritical water gasification of compost was performed and the resulting gas composed of hydrogen,
methane and carbon dioxide mainly. Small amounts of carbon monoxide and hydrocarbon gases (ethane,
ethylene, propane and butane) which were referred as C2-C4 gases, were also produced during SCWG of
compost. The effects of temperature, reaction time, particle size, solid content of feed and catalyst were
investigated to determine the optimum reaction conditions in order to produce gas fuel with high calorific
value.
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3.1. The Effects of Temperature

Temperature was the most influential parameter during SCWG process, as the gas composition and product
yield greatly changed with the increasing temperature as shown in Figure 1a and 1b. At 300 and 350 oC, 89
and 79 vol.% of the product gas consisted of CO2. In hydrothermal medium, at low temperatures initially
decarboxylation reactions of intermediates resulting from hydrolysis of organics occur, which is the main
source of CO2 [9]. H2 and CH4 yields increased to 3.2 and 2.6 mol/kg compost as the temperature reached
500 oC. Methanation of CO2 and CO, and water-gas shift reactions become dominant when the supercritical
conditions of water achieved [10]. Although CO in the product gas was found at lower temperatures, with the
aforementioned reactions’ increasing selectivity at higher temperatures, CO was not detected at temperatures
above 450 oC. KOH additions further increased H2 yields as it was 7 mol/kg compost at 500 oC, since alkalis
promote water-gas shift reaction. In addition, above critical point, free-radical reaction mechanism governs
the decomposition of biomass so more H2 production is observed [11].

(a)

(b)

Figure 1 (a) Product gas composition and (b) yield during SCWG of compost at various temperatures

3.2. The Effects of Reaction Time, Particle Size and Water Content of the Feed
The effect of time on the gas composition and yield was investigated at 0, 30, 60 and 90 minutes of reaction
times at 500 oC, and the results are given in Figure 2a and b.
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(a)

(b)

Figure 2 (a) Product gas composition and (b) yield during SCWG of compost at various reaction times at 500 oC

The amount of total produced gas during SCWG of compost ascended with the increasing reaction time. At 0
minute reaction time, 7.6 moles of gas was obtained per kg of compost processed while it increased almost
thrice the amount and reached 21.5 moles at 90 minute reaction time. The gas composition was improved
with the increasing reaction time as well, since CO2 was dropped to 38.1 vol.% yielding 61.9 vol.%
combustible gases at the end of 90 minutes. The CH4 yield increased gradually until the 60 minute of reaction
time while it boosted to 6.7 from 2.3 moles when the time increased to 90 minutes. H2 too, increased steadily
with the increasing reaction time, which could be the results of methanation of CO2 (1) and water-gas shift
reaction (2);
(1)
(2)
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The effect of particle size was also investigated at 500 oC and the results represented in Figure 3a and 3b.
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Figure 3 (a) Product gas composition and (b) yield during SCWG of compost at various particle sizes at 500 oC

The results revealed that there was not any significant influence of different particle size on the product yields
and gas composition. Nevertheless, this could be an indication of the homogeneous structure of compost
consisting of various kinds of wastes and biomass, although in general the studies revealed that the changing
the particle size affects less during SCWG process compared to other parameters [12].
The effect of water content of compost was studied at three different concentrations of 10, 20 and 30 wt.%
dry compost and Figure 4a and 4b reveals the results. The sum of H2 and CH4 in total in the product gas was
around 42 vol.% in all concentrations while the share of H2 increased with the increasing concentration. This
might be due to water-gas reaction, since CO composition was 0 vol.% at 10wt.% while it was increased to
6.8 vol.% at higher concentrations. Water-gas shift reaction is an equilibrium reaction, therefore the increase
in CO composition was balanced with the less water content of the feed, as a result the increase in H2
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composition was limited. In addition, less moles of gas per kg of feed was produced, indicating that the
higher feed concentration decreased the gasification efficiency. This might be a result of “cage effect”,
creating a limitation in the reaction rates caused by the water molecules [13].
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(a)
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Figure 4 (a) Product gas composition and (b) yield during SCWG of compost at various dry solid concentrations at 500 oC

3.3. The Effects of Catalysts
The catalytic effects of original red mud (ORM), activated red mud (ARM) and KOH were investigated and
the results are shown in Figure 5a and 5b. The red mud catalysts yielded more C2-C4 and CO, whereas CO
was not detected in the presence of KOH. The red mud contains metal oxides which are affective in oxidation
of biomass in hydrothermal medium [14]. CO would be a partial oxidation product of compost gasification,
while the red mud catalysts slightly reduced H2 composition and increased CO2 composition in the product
gas.
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Figure 5 (a) Product gas composition and (b) yield during SCWG of compost with different catalysts at 500 oC

The addition of KOH promoted the water-gas shift reaction, hence H2 increased from 25.5 vol.% to 42.6
vol.%. The yields of gases were affected via catalyst presence, whereas the highest total moles of gas per kg
of compost was achieved as 16.5 mol/kg in the presence of KOH. ORM addition did not increase remarkably
while ARM addition decreased the total gas produced. The slight or negative effects of red mud catalysts
could be attributed to compost structure, since naturally compost may contain some heavy metals [15].
On the other hand, the calorific value of the product gas was the highest when SCWG of compost performed
with 10 wt.% dry compost at 500 oC for 30 minutes. However, as mentioned before, when the solid
concentration of feed increased, gasification yield decreased due to cage effect. In the end, a product gas with
20.1 MJ/Nm3 calorific value obtained without any catalysts, at 90 minutes of reaction time. Although KOH
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increased H2 yield, since volumetric energy density of hydrogen is low, the calorific value of the product gas
was not improved. If the aim is producing a specific gas component, then a catalyst with a high selectivity
should be chosen
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Figure 6 Gross calorific values of product gas obtained during SCWG of compost at different conditions at 500 oC

4. CONCLUSION
Supercritical water gasification of compost was evaluated to determine the optimum conditions. High H2
yield was achieved in the presence of KOH. In addition, around 55 vol.% of H2 and CH4 in the gas product
was found after 30 min reaction time together with KOH, at 500oC. Although the red mud catalysts increased
the calorific value of the product gas obtained, the total gas yield did not improve. The product gas with the
highest calorific value was gathered as 20.1 MJ/Nm3 when the reaction time increased to 90 minutes. While
the change in particle size did not affect the gasification yields, increasing the amount of dry solid in the feed
dramatically decreased the efficiencies.
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Abstract
Sulfurous gases in the syngas are pollutants that need to be treated because they cause corrosion on metal
surfaces, poisoning of catalysts, and the formation of SOx, an environmental pollutant after the oxidation
process. Although there are methods such as the Claus process, scrubbing, and adsorption for the removal
of this pollutant, adsorption is the most suitable treatment method for the desulphurization process used in
high-temperature gas applications. The major benefit is that gasification, gas cleaning and operation of
the downstream process at close temperatures makes the system more efficient and economical. However,
due to the presence of CO and CO2, COS formation may occur during the adsorption of H2S to the
adsorbents. COS tends to react less on metal oxides (e.g ZnO) compared to H2S. Therefore, the formation
of COS reduces the sulfur removal capacity of the adsorbent. In this study, the COS-H2S distribution in the
thermochemical equilibrium condition was calculated for each gas component (CO, CO2, H2, H2O and
their mixtures) by using the software Factsage. Afterwards, prepared synthetic syngas compositions (dry
and wet) were fed to a laboratory scale adsorption column, and the steady state COS-H2S distribution was
measured and compared with the estimated distribution of the software. It has been observed that the COSH2S distribution trend formed by the synthesis gas in a steady state is similar to the distribution obtained
for CO and CO2 binary gas mixtures. It was also observed that there was no significant composition
difference between dry and wet synthetic synthesis gas mixtures in the empty column tests.

Keywords: H2S, COS, syngas, adsorption

1. INTRODUCTION
Syngases from biomass of waste gasification can be used for SOFC cells to produce electricity. These cells
typically contain catalysts that are necessary for the process. Syngas from biomass or waste gasification
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contains sulfurous gases such as H2S and COS due to the S in the feedstock. These sulfurous gases cause
permanent or non-permanent poisoning of the catalysts and corrosion on the active metal surface of the catalysts
[1], [2]. A longer catalyst life requires the elimination of sulfur. There are several sulfur removal methods.
However, due to its advantage of operating at high temperatures, adsorption is considered one of the most
suitable method for mid and high-temperature (>300 °C) syngas treatment. However, sulfur gas composition
may change during the adsorption process.
Syngas contains approximately 90% H2S and 10% COS [3]. It was reported that the affinity of H2S to the
adsorbent (ZnO) is higher than COS [4], [5]. Since it is possible to increase the adsorption efficiency of sulfur
by changing the COS-H2S distribution to H2S, the distribution of COS-H2S is important during the gasification
and adsorption process. Besides it was observed that sulfur can be released as COS during the adsorption
process in the presence of CO or CO2 [6]. Thus it is very important to investigate the COS-H2S distribution at
adsorption temperatures.
In literature, several studies can be found on the adsorption of sulfurous gases in syngas. However, in most
cases, the COS-H2S distribution in empty column is not considered. In this study, the effect of major syngas
components at different temperatures on the COS-H2S distribution was investigated using equilibrium
calculations and compare these results with the experimental results obtained in synthetic syngas tests.

2. MATERIAL AND METHOD
2.1. Equilibrium calculation by Factsage
FactSage was run to investigate the effect of major gas components in syngas on the COS-H2S
distribution. FactSage is a software that uses its own thermochemical database to calculate thermochemical
equilibrium conditions according to Gibbs free energy [7]. The software contains data, database, calculation,
and application modules. In this study, the database for gas compounds was used for calculations. The gas
compositions used as input is shown in Table 1.
Table 1 Gas compositions used as input gas mixture.

CO

CO
(%)
19.0

CO2
(%)
-

H2
(%)
-

N2
(%)
81.0

H2O
(%)
-

H2S
(ppm)
100

CO2

-

11.5

-

88.5

-

100

H2

-

-

16.0

84.0

-

100

CO+H2

19.0

-

16.0

65.0

-

100

CO2+H2

-

11.5

16.0

72.5

-

100

CO+CO2

19.0

11.5

-

69.5

-

100

CO+H2O

19.0

-

-

61.0

20.0

100

CO+CO2+H2O

-

11.5

-

68.5

20.0

100

H2+H2O

-

-

16.0

64.0

20.0

100

CO+CO2+H2O

19.0

11.5

-

49.5

20.0

100

CO2+H2+H2O

-

11.5

16.0

52.5

20.0

100

CO+H2+H2O

19.0

-

16.0

45.0

20.0

100

DSSGa

19.0

11.5

17.0

52.5

-

100

SSGb
a
Dry Synthetic Syngas
b
Syntethic Syngas

19.0

11.5

16.0

33.5

20.0

100

Gas mixtures
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2.2. Synthetic Syngas Tests
A test gas generator (TGG), a quartz glass column, a heater for the column, a cooling system, a gas
analyzer (micro gas chromatograph), a gas meter, pressurized gas cylinders, and an adjustable valve are all
parts of the experimental setup employed in the investigation, as illustrated in Figure 1. The TGG includes mass
flow controllers (MFCs) and a controlled evaporator and mixer (CEM). The gas composition used during the
experiments were mixed in TGG. Gas cylinders (H2S balanced with N2, N2, CO2, CO, H2) and a pressurized
water reservoir (through CEM) were linked to the TGG to acquire the desired gas mixtures. The gases (supplied
by Linde) and gas impurities were as follows: H2S, 5000 mg m−3 balanced by N2, N2, 99.999% (v/v); CO2,
99.999% (v/v); CO, 99.999% (v/v); H2, 99.999% (v/v). The CEM was employed to provide water vapor into
the TGG after heating to 200°C. The gas mixture was connected through heated Teflon pipes (200°C) to the
quartz column (0.7 cm inner diameter, 40 cm length) which was heated by a heater. An adjustable valve was
employed to provide slightly above atmospheric pressure during operation to avoid air leakage.
During the tests, the inlet and outlet gas stream concentrations were measured continuously using a micro-GC.
A gas cooling system was used to protect the measurement device when using SSG gas streams. The gas cooling
system includes a series of impinger bottles with a cooling isopropanol jacket (at 1°C). The gas stream was
directed to a gas meter to measure the gas flow before entering the exhaust pipe. A more detailed description
of the experimental setup can be seen in reference [8]. DSSG and SGG gas mixtures were prepared based on
the gas composition shown on Table 1.

Figure 1 Schematic view of experimental setup for synthetic syngas tests

3. RESULTS
Synthetic syngas tests were performed and the results obtained were compared with the concentrations
calculated in Figure 2 and Figure 3 for H2S and COS, respectively. The dashed lines represent the calculated
values for the equilibrium conditions while the solid lines represent the steady state conditions during lab tests.
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Figure 2 Comparison of H2S distribution obtained from synthetic syngas tests to distribution obtained from equilibrium
calculations.

Figure 3 Comparison of COS distribution obtained from synthetic syngas tests to distribution obtained from equilibrium
calculations.

As shown in Figure 2, increasing temperature causes a decreasing trend for the percentage of H2S for both
DSSG and SSG. Similarly, the percentage of COS tends to increase with the increasing temperature as shown
in Figure 3. The calculated gas compositions are clustered into two different groups: i) gas mixtures including
H2 or H2O and ii) gas mixtures not including H2 or H2O. Most of the sulfur exists as H2S in the first group and
temperature has no effect on the COS-H2S distribution. On the other hand, COS is the dominant species at
300 °C for the second group. Binary gas mixtures for CO and CO2 show slight differences regarding calculated
COS concentrations. Increasing temperature increases the COS concentration for CO binary gas mixture. The
percentage of COS increases by increasing temperature from 300°C to 350°C and the COS concentration starts
to decrease after 350 °C. Yet COS is still a more dominant species compared to H2S. The percentage of both
COS and H2S of SSG and DSSG is between these two groups. The percentage of H2S changes trend for SSG
and DSSG and the changed trends of the second group are similar. Similarly, the tendency of COS to change
with the temperature is similar to that of CO binary gas mixture. Therefore, it can be concluded that the COSH2S distribution obtained from SSG or DSSG is more similar to the equilibrium conditions calculated for CO
binary gas mixtures.

4. CONCLUSION
The distribution of COS-H2S in synthetic syngas and model gas mixtures at different temperatures were
compared. For this purpose, the major gas components, CO2, CO, H2, and N2 were modelled as the synthetic
binary and multicomponent gas mixtures in a software. The COS-H2S distributions were calculated with
temperature changes and the COS-H2S distribution of synthetic syngas mixtures were measured at different
temperatures. It was observed that the COS-H2S distribution of the synthetic gas mixture has a similar trend for
a CO binary gas mixture at equilibrium conditions. In addition, no significant composition difference between
dry and wet synthetic synthesis gas mixtures was observed.
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Effect of Temperature and Flow Rate on
Agricultural Waste Gasification
Roda Gökçe Yılmaz Çinçin1, Atakan Öngen2, Osman Nuri Ağdağ3
Abstract
In the gasification method, biomass fuels with a low water content and a high heating value are generally
preferred. These are usually fuels used in power generation, such as wood or coal. However, in recent
years, wastes such as rice straw, olive oil pulp, PET, and tires have been used as feedstock in the
gasification method.
In this study, the objective is to evaluate the agricultural waste from the distillation facilities for the
production of essential oils, which have increased their activities in recent years, especially in Isparta,
Afyon, and Denizli regions in Turkey, by gasification method. For this purpose, thyme (Origanum), which
is difficult to biodegrade because of its high cellulose-lignin content, was used as feedstock. These wastes
are not consumed by animals and not biodegrade in nature for many years.
In the experimental studies, a laboratory-scale upstream fixed-bed gasification reactor made of stainless
steel heated with a ceramic heater resistant to temperatures up to 1200 ° C was used. The studies were
carried out at temperatures of 700, 800, and 900 °C and a dry air flow rate of 0.05-0.4 l/min. After the
gasification, the CO, CO2, O2, CH4, and H2 values of the gas formed were determined by volume. Solid
residue and liquid residue amounts were determined. As a result of the study, the percentage of the H2
produced as a result of gasification of thyme waste at 900 ° C at a dry air flow rate of 0.05 l/min was found
to be 39%. In the study, it was concluded that increasing the temperature and decreasing the dry air flow
increased the H2 yield.
Keywords: agricultural waste, gasification, fixed bed reactor

1. INTRODUCTION
Gasification of biomass is a thermal conversion proses that is conducted at high temperatures. Unlike the other
thermal conversion methods, the main goal is the production of syngas with a high H2 content [1]. Syngas is
produced as a main product which mostly content CO, CO2, CH4 and H2. In the gasification process, byproducts such as biochar, tar, and ash are also formed [2]. Studies are conducted to minimize the formation of
these by-products. With this method, the amount of waste disposed of in landfills is reduced and a large income
is obtained by converting waste into energy.
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The main parameters influencing gasification process are residence time, gasification agent, operating
temperature [3]. Air, oxygen, steam, CO2 and H2 are known as the main gasification agents [4]. Air is the most
common gasification agent. In view of the studies which air was used as a gasification agent, it was concluded
that the ratio of H2 in the mixture varies between 5-25% [4]. Regardless of the type of gasification agent, the
flow rate of air has a great effect on the H2 ratio. Another important parameter is operating temperature. Drying,
pyrolysis and gasification processes take place in the reactor with the temperature effect. In a study, the
influence of reactor temperature and feedstock particle size on H2 and tar yield in the experimental fluidized
bed gasifier [5]. The results indicated higher H2 production and lower tar content with the rise of temperature
and with reduction of biomass particle size.
A wide variety of substances can be used as feedstock in gasification, biomass is one of them. Biomass is one
of the most important renewable energy sources. Because it can be evaluated by physicochemical, biochemical,
and thermochemical methods and is a very diverse and easily available resource [6]. It is obtained from various
sources, mainly agricultural waste and forest wastes. Agricultural waste includes agricultural crop residue and
livestock manure. The production in our country has increased in recent years. Many plants are used in the
production of aromatic oil. Thyme is one of these products. In 2019, 15,729 tons of thyme were produced only
in Denizli [7]. As a result of its high lignin content, thyme waste is difficult to biodegrade and cannot be
consumed as food by animals. It may be possible to evaluate these wastes, which are formed as a result of
aromatic oil production activities, by thermal methods. This study explores, for the first time, the gasification
of thyme waste as a feedstock.
In light of the above, the present study is focused on investigating the gasification characteristics of thyme
waste in a upflow gasifier. The gasifying agent was chosen dry air. The effect of temperature and air flow rate
on gasification were investigated. In this purpose CO, CO2, CH4 and H2 percentage was measured.

2. MATERIALS AND METHODS
2.1. Materials
The thyme waste was obtained from a farm with a small essential oil distillation facility, Denizli, Turkey. The
thyme waste sample was naturally dried for several days for reduce water content caused by water vapor from
distillation proses. Then the sample was shredded and sieved into particles in size of 2.0-3.0 cm. The results of
proximate and ultimate analysis of thyme sample are shown in Table 1. The proximate analysis typically
involves the determination of moisture content, volatile matter content, ash content, and fixed carbon, whereas
the ultimate analysis includes an assessment of the levels of carbon, hydrogen, oxygen, nitrogen, and sulfur
contents.
Table 1. Ultimate and proximate analysis of the thyme waste sample.

Ultimate analysis (%)

Proximate analysis (%)

C

32,23

Volatile matter

H

5,09

Fixed carbon

N

0,98

Ash

S

0,07

Moisture content

Oa

61,64

Lower heating value (MJ/kg)

15,36
58,55
26,1
6,18
3245

2.2. Experimental setup and procedure
The fixed-bed gasification reactor, illustrated in Figure 1, was designed to be used in the studies. The structures
for input and output are positioned so that the reactor can operate upstream, downstream, and cross-flow. The
top and bottom parts are designed as a collapsible system to place samples. A hose is placed on top and a hose
is positioned at the bottom for gas inlet and outlet. It's a stainless steel reactor. The reactor is designed for
operation in temperatures up to 1200°C. A control panel was built for this process and it was suitable to operate
at any temperature of 40-1200 degrees.
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Figure 1. Fixed-bed gasification reactor

In the studies, thyme waste samples with a weight of 50g were used. Dry air served as a gasifying agent in
gasifying studies. The effects of temperature and dry air flow on gasification efficiency were considered.
Gasification studies were performed on thyme waste at temperatures of 700, 800 and 900 ºC. And carried out
at 0.4 L/min, 0.2 L/min, 0.1 L/min and 0.05 L/min dry airflow.

3. RESULTS AND DISCUSSION
3.1. Effect of temperature

Gas Componenent (%)

The dry air flow rate was kept constant at 0.05 l/min to measure the effect of temperature on the gasification
efficiency. Figure 2 shows the gas components at different temperatures. Gas components were measured as
CO, CO2, CH4 and H2 in percent. The maximum values of these gases are given in the graph. It is seen that the
CO formed in the gasification reactor increases to higher values as the temperature increases. The amount of
CO2 exceeds 30%. The amount of CH4 was observed to be higher at 800 ° C. It is seen that the maximum H2
value is over 35% at 800 ℃. In a study, the gasification performances of Wood and straw pellets at different
temperatures were investigated [8]. They found similar results with our study. In syngas compositions,
especially CO and H2, are relatively higher at higher temperatures compared to lower temperatures, while
methane is stable in gasification of straw and wood at all temperatures.

40
30
20
10
0

CO

0,05_DA_700

CO2

CH4

0,05_DA_800

H2
0,05_DA_900

Figure 2. Gas Component (%)

Gasification results in solid and liquid products as well as gaseous products. Figure 3 shows the effect of
temperature on the variation of the product. It is seen that the solid residues are close to each other at all three
temperature values. The lowest amount of liquid residue was determined to be at 800 ℃. The highest amount
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of gas was at 800 ° C. Similar results were obtained in the experiment measured by reference [9] measured.
Researchers found that increasing the temperature from 700 to 850 ° C decreases the formation of a liquid
product and increases the gas yield, the H2 yield, and the carbon conversion efficiency. According to reference
[10], higher temperatures preferred reactants in exothermic reactions and products in endothermic reactions.

50

Amount (%)

40
30
20
10
0

0,05_DA_700

0,05_DA_800

Solid

Liquid

0,05_DA_900

Gas

Figure 3. Product amounts in different forms

3.2. Effect of gasification agent flow rate

Gas Component (%)

To investigate the effect of the flow rate of the dry air agent studied at 800 ℃. Figure 4 shows the effect of the
flow rate on the gas content. When the methane data are examined, it is seen that the maximum CH4 amounts
are the same at 0.2 l/min and 0.1 l/min flow rates. The maximum amount of CH4 was concluded to increase
when the flow rate was reduced to 0.5 l/min. The lowest value in H2 amount was found at the highest flow rate.
Flow rates of 0.2 l/min and 0.1 l/min followed close to each other here as well, but the highest value of H2 was
at 0.05 l/min flow rate. A further decrease in air flow increased the CO and H2 concentration. The rate of
combustion reactions increased with higher airflow rates due to more oxygen [11]. Similar trends have been
reported in previous studies [12], [13].
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Figure 4. Gas Component (%)

Figure 5 shows the effect of flow rate on the amounts of gasification products. The amount of solid residue was
measured at a maximum of 0.4 l/min and at a minimum of 0.2 l/min. The amount of liquid residue was measured
at a maximum of 0.2 l/min and at a minimum of 0.4 l/min. The highest amount of gas was measured at 0.2
l/min dry air flow rate of 0.2 l / min, followed by a flow rate of 0.05 l / min.
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Figure 5. Product quantities in different forms

4. CONCLUSIONS
The transformation of wastes that cannot be recycled and removed by biological methods into a useful product
by thermal methods has been developing in recent years. It is possible to evaluate agricultural wastes with high
lignin content in this context. Especially in our country, the amount of waste generated as a result of distillation
activities is increasing day by day. These kinds of waste are not consumed by animals and remain in nature for
many years.
The use of thyme waste as a feedstock material in gasification activities was investigated in this study.
Hydrogen rich syngas gas was produced. The amount of H2 was the highest at 800 ° C and 0.05 l/min dry air
flow. With this study, it was concluded that such nonbiodegradable wastes can be converted into syngas, which
is a useful product in gasification processes.
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Marble Sludges as Environmentally Friendly
Catalysts in Olive Pomace Pyrolysis: Effect of
Sludge Composition on Pyrolysis Products
Gamze Göktepeli1, Esra Yel2
Abstract
Waste management of olive pomace is difficult because of the high production amount and
nonbiodegradable organic substances. Catalytic pyrolysis process is one of the effective methods for olive
pomace management and for obtaining valuable organic substances from it. Therefore, in this study,
different types of marble sludge were used as catalyst in the olive pomace pyrolysis process at 500°C
temperature and 40% catalyst dose. Pyrolysis product yields and characteristics of pyrolysis biochars
were investigated. The highest product yield for biochar liquid and gas fractions was obtained with the
catalyst (K1) that is the sludge obtained from physicochemical treatment of travertine type marble
processing wastewater with alum. The biochar obtained for OP-K1 pyrolysis has the highest initial
decomposition temperature. Biochar obtained by using K6 catalyst (physicochemical treatment sludge of
natural stone type marble processing wastewater with PEL) had a more granular distribution. Biochar
having the highest calorific value (1193 cal/g) was obtained with the catalytic pyrolysis of olive pomace
with the marble sludge obtained from physicochemical treatment of natural stone type marble processing
wastewater with alum catalyst (K4). Biochars obtained with the K1 and K6 catalysts has similar calorific
values. Besides calorific values, the characteristics of biochars indicated that these biochars can be used
diverse purposes either as additive or feedstock. Consequently, K1 catalyst can be recommended for olive
pomace catalytic pyrolysis when biochars are evaluated in terms of product yield and biochar
characteristics.
Keywords: Biochar, Catalytic pyrolysis, Marble sludge, Olive pomace

1. INTRODUCTION
Turkey is among the Mediterranean countries where olive and olive oil production is high. Approximately
225,000 tons of olive oil was produced in Turkey in 2020 [1]. Olive pomace (OP), which is a solid waste
consisting of olive seed, the pulp of the olive, water and oil, is generated during the olive oil production
process. Waste management of OP is very difficult due to the high production amount of pomace, the
difficulties in the treatment, and the presence of non-biodegradable organic substances in it. One of the
effective methods for OP management and obtaining valuable organic substances from it is pyrolysis.
Especially catalytic pyrolysis process has been studied commonly since it has important advantages over
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conventional pyrolysis process such as selectivity of valuable substances formed during the pyrolysis,
enhancement of quality and quantity of pyrolysis products [2]. Although various catalysts have been used to
improve the process in OP pyrolysis, there are very few studies that partially place the waste material in the
catalyst.
Marble processing plant wastewater is formed with the combination of marble dusts released during marble
processing and the water used during marble cutting processing. These wastewaters are an important source
of pollutants for the environment, agricultural lands, and water resources [3,4]. For this reason,
physicochemical treatment, such as coagulation-flocculation-sedimentation process, is applied commonly for
the treatment of these wastewaters. It is important that the marble sludge produced as a result of this treatment
process should not be released directly to the environment, as it will have adverse effects on the environment.
It is important to apply economical and feasible alternatives that will provide recycling of these sludges to the
system. Moreover, the properties of marble sludge varied based on the coagulant type used in the
coagulation-flocculation-sedimentation process. Different coagulants and flocculants have been studied for
andesite and travertine type marble processing wastewaters and it has been observed that the characteristics
and structures of the physico-chemical treatment sludge obtained with each of them are different from each
other [3,4]. Therefore, in this study, first, different type of marble sludges were obtained as physico-chemical
treatment sludge by applying alum and FeCl3 as coagulant to travertine and natural stone type of marble
proccessing effluents. Additionally, the sludges produced by using polyelectrolyte in the processing facility
were collected. The prepared six types of marble sludges were studied as catalyst in the OP pyrolysis process.
Thereby, marble sludges were utilized as environmentally friendly catalysts in OP pyrolysis by prevention of
negative effects of marble sludges on environment and by providing conversion waste material to the useful
products via pyrolysis. Pyrolysis biochars obtained from catalytic pyrolysis of OP-marble sludge mixtures
were investigated in terms of surface morphology, surface acidity, thermal behavior, heating, and ash value.
In this way, a symbiotic, sustainable, and environmentally friendly approach has been applied in the disposal
of OP and marble sludge wastes.

2. MATERIALS AND METHODS
The studied OP samples were obtained from the Ernar Ind.Trade.Co.Ltd. olive oil production facility
operating in Mersin/Erdemli-Turkiye. Travertine and natural stone type marble processing effluents were
taken from the marble processing facility of REMAR Co.Ltd. (Konya-Turkiye). The coagulation-flocculation
and sedimentation processes were carried out on the marble processing effluents with the help of alum
(Al2(SO4)3.18H2O) and iron(III)chloride (FeCl3.6H2O) coagulants in a Jar test setup (VELP-FC6S model).
Conditions determined in previous studies were used for the coagulation-flocculation and sedimentation
process [3,4]. After the coagulation-flocculation and sedimentation, the supernatant part of the samples was
withdrawn, the remaining settled sludge was dried at 40-50°C and sieved through a 300-micron-sized sieve.
The abbreviations of the marble sludge samples used in the study were indicated in Table 1. Catalytic
pyrolysis process of OP-marble sludge mixtures was conducted in fixed bed batch pyrolysis system at 500°C
temperature, 40% catalyst dose and with 100 g total weight of OP-marble sludge mixtures. Pyrolysis biochars
and liquids were recorded as weight, the pyrolysis gases were recorded as volumetrically. SEM imaging,
acidity analyzes and thermogravimetric analysis (TGA) were performed for the characterization of the
obtained pyrolysis biochars. Furthermore, ash content and calorific value of biochars were revealed. SEM
analyses were conducted at JEOL-JSM-6610 model device, at 15 kV acceleration voltage. Surface acidity of
the biochars were determined titrimetrically as follows: Isopropyl alcohol-toluene mixture (v/v; 1:1) and 1%
phenolphthalein solution prepared with isopropyl alcohol was added to the sample as solvent and 0.1% N
KOH solution was used for the titration of sample up to observing pink color. Equation 1 was used for acid
value calculations.
Acid Value (mmol/g) = (A − B)N/W
(1)
A: Standard alkali volume used in titration (mL)
B: Standard alkali volume used in titration of Blank (mL)
N: Standard alkali normality
W: Sample weight (g)
As for TGA analyses, PerkinElmer TGA4000 Model device was used at a rate of 20 mL/min nitrogen gas
flow, 20°C/min heating rate and 900°C target temperature. Leco AC-350 Model Calorimeter Device was
used for the determination of heat values of biochars at 15-20 atm pressure.
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Table 1. Abbreviations of the marble sludges
The type of marble whose
Abreviation of marble
Coagulants
processing wastewater was used
sludge in this study
Travertine
Al2(SO4)3.18H2O
K1
Travertine
FeCl3
K2
Travertine
PEL*
K3
Natural stone
Al2(SO4)3.18H2O
K4
Natural stone
FeCl3
K5
Natural stone
PEL*
K6
*sludges produced by using polyelectrolyte in the processing facility

3. RESULTS AND DISCUSSION
3.1. Pyrolysis Product Yields
The product amounts of OP obtained at 500°C, 40% catalyst dose with different catalysts were shown in
Figure 1. Travertine marble sludges (K1, K2, K3) had higher pyrolysis biochar product amount compared to
marble sludges obtained from natural stone (K4, K5, K6). Catalysts obtained by using alum chemical (K1 and
K4) had higher biochar amount than catalysts obtained with FeCl3 and PEL for both types of marbles. The
highest amount of OP biochar belonged to K1 catalyst. Similar to biochar findings, pyrolysis liquid product
quantities were very close to each other. The most obvious difference between the catalysts was observed for
the pyrolysis product gases. The gas product volume of K1 catalyst was higher than other catalysts. The main
components of all of the marble sludge samples are Ca, C, O, and Mg, and minor components were Al and Fe
inorganics which come from the used coagulants in the physicochemical treatment process. Since the
catalytic effects of each inorganic in the catalyst structures are different from each other, this also affected the
amount of pyrolysis products. When all pyrolysis products were evaluated in general, the highest product
yield in OP pyrolysis biochar liquid and gas was obtained with the K1 catalyst.

Figure 1. Pyrolysis product fractions obtained from the pyrolysis of OP with different catalysts at 40% dose and 500°C
temperature
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3.2. Characteristics of Pyrolysis Biochars
SEM images of biochars formed from catalyzed OP pyrolysis generally showed a rough and amorphous
structure (Figure 2). It has been reported that some amorphous carbon structures are formed during pyrolysis
due to the degradation of cellulose and that these structures can form micropores [5]. It can be said that the
biochar obtained from the OP pyrolysis using K6 catalyst had a more granular distribution, and the
lignocellulosic structures are more decomposed by the effect of this catalyst. A similar situation was observed
in SEM images of biochars obtained with other catalysts.

Figure 2. SEM images of pyrolysis biochars obtained from the pyrolysis of OP with different catalysts at 40% dose and
500°C temperature

The surface acidity values of the pyrolysis biochars obtained as a result of the pyrolysis of OP with different
catalysts at 40% dose and 500°C were presented in Figure 3. According to the graph, acidity of raw catalysts
generated from the travertine was higher than the raw catalysts of natural stone. However, this situation was
not valid for the pyrolysis biochars. As for biochars, the highest surface acidity was observed at biochars
obtained pyrolysis of OP with K3 and K4 catalysts. Therefore, it can be emphasized that used chemicals as
coagulant during the physicochemical treatment of marble wastewater have effect on the biochar surface
acidity.

289

Marble Sludges as Environmentally Friendly Catalysts in Olive Pomace Pyrolysis: Effect of Sludge
Composition on Pyrolysis Products
Gamze Göktepeli, Esra Yel

Figure 3. Surface acidity of biochars

The TGA thermograms and thermal resistance values of the pyrolysis biochars were presented in Figure 4. It
can be stated that the thermal strengths up to about 420°C were close to each other and the residual masses of
biochars obtained from pyrolysis with K1, K4 and K6 were similar to each other. Residual percentages
ranged from 46 to 54.5%. DT1 (565 °C) and T10 (701 °C) values of OP+K1 pyrolysis biochars were higher
than biochars obtained with other catalysts.

OP pyrolysis biochars,
5°C/min

Residual weight, %

Sample
Thermal resistance values
Residual
40%
DT1* DT2** T5 T10 T50 at 850°C
Type
(%)
catalyst (°C) (°C) (°C) (°C) (°C)
53.35
K1
565
612 701
K2

402

593

523 664

-

51.09

K3

391

559

339 600

743

46.22

K4

319

596

462 659

-

54.29

K5

391

566

423 583

764

48.97

54.33
K6
511
625 685
*DT1-first
decomposition
temperature;
**DT2-second
decomposition temperature; T5, 10, 50: Temperatures at which
5%, 10% and 50% decomposition occurs
Figure 4. Thermal characteristics of biochars

Temperature, °C

The heat values and ash percentages of raw catalysts, raw OP+K mixtures and pyrolysis biochars obtained at
40% dose, 500°C were presented in Table 2. The heating values of the raw catalysts were close to each other
and vary in the range of 5.8-7.08 cal/g. Due to the high moisture content of the OP waste, the heating values
of the raw OP+K mixtures were quite low and close to each other. While the biochar sample with the highest
calorific value in OP+K pyrolysis was obtained with the K4 catalyst with a calorific value of 1193 cal/g, the
biochar obtained with the K1 and K6 catalysts gave a similar calorific value. However, the calorific values of
all biochars were mostly lower than the conventional fuel. This can be attributed to the high catalyst ratio
found in the biochars. Therefore, usage of produced biochars as fuel is not recommended but they can be used
as catalysts for another pyrolysis cycle thanks to high catalyst ratio.
The ash contents of the raw catalysts vary between 55.38% and 87.06%, and the highest ash content belongs
to the K6 catalyst. There was no direct reflection of the ash contents of the raw catalysts to the ash contents of
the mixtures. In OP samples, no significant difference was observed in terms of ash contents for all catalysts
and close values were obtained (Table 2). Pyrolysis biochar contained higher ash quantity than raw mixtures.
This can be connected to the presence of the catalyst and increased concentration of inorganic components
and organic matter pyrolytic reaction residues in the biochar content.
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Table 2. Heating value and ash percentages of raw catalysts, raw OP+K mixtures and pyrolysis biochars
Catalyst

K1

K2

K3

K4

K5

K6

Raw catalyst Heat value (cal/g)

7.08

8.6

6

5.8

6.9

6.5

Raw catalyst Ash content (%)

63.9

56.4

58.7

55.4

56.2

87.1

OP+40%K Heating value (cal/g)
Raw mixture

7.3

19.2

8.6

11.4

13.4

9.5

500°C Pyr

1041.1

800.2

781.1

1193.4

967.6

1087.6

Raw mixture

24.2

25.0

23.2

24.3

21.7

19.0

500°C Pyr

51.1

49.4

50.9

49.5

51.5

50.5

OP+40%K Ash content (%)

4. CONCLUSION
In this study, different marble sludge types were used in the OP pyrolysis process as catalyst and biochars
obtained at catalytic pyrolysis process were examined in terms of surface morphology, surface acidity,
thermal behavior, heating, and ash value. While the pyrolysis biochars and liquids quantity were close to each
other for all catalyst type, obvious difference was observed in the gas volumes. The highest gas volume
obtained at OP-K1 pyrolysis process. All biochar samples had rough and amorphous structure and OP
pyrolysis using K6 catalyst had a more granular distribution, and the lignocellulosic structures are more
decomposed by the effect of this catalyst. Although no systematic effect was obtained for the surface acidity
of the biochars, an increment was observed in the surface acidity values of the biochars compared to the raw
catalyst. As for thermal characteristics of biochars, it can be stated that OP-K1 biochars have higher DT1
(565 °C) and T10 (701 °C) values comparing to the others. The highest calorific values in OP+K pyrolysis
biochars were obtained with K4(1193 cal/g), K6 (1087 cal/g) and K1 (1041 cal/g), respectively. Usage of
produced biochars as fuel is not recommended since their heat values are not high as much as conventional
fuels, however; they can be used as catalysts for another pyrolysis cycle thanks to high catalyst ratio. All in
all, K1 catalyst can be recommended for olive pomace catalytic pyrolysis when biochars are evaluated in
terms of yield and characteristics.
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Effect of CR-39 Plastic Lens Particles
Concentration on Biochemical Methane
Potential of Organic Wastes
Xin Zhao1 and Jae Young Kim2
Abstract
Plastic lenses for spectacles have been pointed out as a new source of micro-plastics. A large amount of
untreated plastic lens grinding wastewater is directly discharged into the sewage treatment system or
natural water bodies, which will affect the sewage treatment efficiency and destroy the aquatic ecological
environment. In this study, CR-39 plastic lens particles with a high risk of environmental leakage were
selected as target micro-plastics. According to mass concentration (i.e., 0, 100, and 1,000 ppm), the effect
of CR-39 plastic lens particles on the biochemical methane potential of organic wastes (i.e., oil sludge,
swine manure, luminaria, and food waste) was evaluated. The BMP test of each organic waste with different
CR-39 plastic lens concentrations was conducted for a total of 60 days, and the Gompertz model explained
the cumulative methane generation process well (R2 > 0.97). Among the four substrates, it was confirmed
that the potential methane generation of food waste was the highest, while the oil sludge was the lowest.
According to the experimental results, it was found that the maximum methane potential of oil sludge, swine
manure, and food waste trend to increase with increasing the CR-39 plastic lens particles concentration,
but there was no significant difference. These results indicated that within the concentration range of CR39 plastic lens particles set in this study, CR-39 plastic lens particles did not affect the biochemical methane
potential of oil sludge, swine manure, luminaria, and food waste.
Keywords: Micro-plastic, CR-39 plastic lens particles, biochemical methane potential, oil sludge, swine
manure, luminaria, food waste

1. INTRODUCTION
Plastics are widely used all over the world because of their lightness, durability and low cost. Meanwhile, a
large quantity of plastic waste is also discharged into the environment. Plastic waste is combined into plastic
fragments or micro-plastics through mechanical abrasion, ultraviolet radiation and biodegradation [1]. In
addition, there are also a large number of micro-plastics that are artificially manufactured, such as in cosmetics
or personal care products [2]. Plastic lenses (e.g., CR-39) are widely used as lenses because of their high light
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transmittance, light weight, and high strength. A large amount of untreated plastic lens grinding wastewater is
directly discharged into the environment, which must be paid attention as a new source of micro-plastics.
Recent studies have shown that micro-plastics have been detected in food waste, seaweed, swine manure and
sludge [3-6]. Anaerobic digestion (AD) was widely applied as a means of organic waste such as organic
wastewater, urban organic waste and aquaculture manure. Previous studies had showed that polyethylene (PE)
and polypropylene (PP) micro-plastic can inhibit the AD of waste activated sludge by reducing methane
production and enzymes [7, 8]. However, the impact of CR-39 on the AD of organic wastes has not received
sufficient attention.
The aim of this study was to investigate the effect of different concentration of CR-39 on the maximum methane
potential of oil sludge, swine manure, luminaria, and food waste.

2. MATERIALS AND METHODS
2.1. Inoculum, CR-39, and organic wastes
The inoculum was collected from an anaerobic digester plant treating 5,000 tons of sewage sludge per day with
a 20-days retention time. The inoculum was screened with a 5 μm pore sieve. The remaining organic material
in the inoculum was disposed of under anaerobic conditions for an additional 20 days in the laboratory.
The micro-plastic (i.e., CR-39) used in the experiment was obtained from the grinding wastewater of plastic
lenses in optical store. Oil sludge were collected from a WWTP of SK Incheon Petrochem Co., Ltd. in the
Republic of Korea. Swine manure was collected from a livestock farm and luminaria were bought at
supermarket. The food waste was produced in accordance with the standard food waste composition proposed
by the Ministry of Environment of the Republic of Korea for research.

2.2. Biochemical methane potential test
Biochemical methane potential (BMP) test was conducted by adding an 10 mL of inoculum, a 90 mL of medium
[9] and a substrate into a serum bottle [10]. The substrates were oil sludge, swine manure, luminaria, and food
waste, respectively. The ratio of substrate to the inoculum at 1:2 (by volatile solids (VS) weight). The
concentration of CR-39 were 0, 100, 1000 ppm, respectively. Finally, each BMP test was hermetically sealed
with a rubber cap and an aluminum cap after a nitrogen purge for five minutes.
All BMP assays were set in triplicate and stored in an incubator at 35 ± 1 °C and 120 rpm. Blank tests with no
substrate were conducted in accordance with the above procedure. The experiment was carried out for 60 days
until no biogas was produced.

2.3. Biogas analyses
The volume and composition of the biogas (i.e., methane and carbon dioxide) were observed periodically. The
volume of the biogas was measured by using a T-valve-connected pressure meter in a room with a constant
temperature of 35 ± 1 °C and converted into the volume under the normal state (25 °C and 1 atm). The biogas
generated in the headspace of the BMP assays was emitted using the pressure meter to create 1 atm in the
headspace. The biogas composition in the headspace was analyzed using a gas chromatography (ACME 6100,
Young Lin Instrument Co. Ltd., Republic of Korea) equipped with a thermal conductivity detector.

2.4. Kinetic models
A modified Gompertz model (Eq. 1), which are well known for demonstrating the hydrolysis kinetics, were
selected as the kinetic model candidates [11]. The modified Gompertz model is as follows:
!(#) = !!"# ∙ ()* +−()* -

$!"# ∙&
'!"#

∙ (. − #) + 012

(1)

Where, M(t) is the cumulative methane generation at time t (mL/g-VS), Mmax is the maximum methane potential
(mL/g-VS), t is the time (day), Rmax is the maximum methane generation rate (mL/g-VS/day), λ is the lag time
(days), and e is exp(1) = 2.7183.
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3. RESULTS AND DISCUSSION
The BMP tests of organic wastes with different concentration of CR-39 micro-plastic were conducted for a
total of 60 days. The cumulative methane generation pattern of target organic wastes were well explained with
the Gompertz model (R2 > 0.97). Among the four substrates, it was confirmed that the potential methane
generation of food waste was the highest, while the oil sludge was the lowest.
Table 1. Comparison of methane generation rate, generation rate and biodegradability of various organic wastes.
Modified Gompertz equation
Substrate

Control

Oil sludge

Swine
manure

Laminaria

Food waste

CR-39
Conc.
(mg/L)

P
(ml-CH4/gVS)

R
(ml-CH4/gVS/day)

λ (day)

R2

0

1.79±0.10

0.04±0.00

17.74±0.54

0.9968

Theoretical
Methane
Potential
(ml-CH4/gVS)

Biodegradability
(% by w/w)
-

100

2.63±0.22

0.04±0.00

19.46±0.67

0.9966

1,000

2.23±0.13

0.04±0.00

18.75±0.52

0.9971

-

0

42.57±3.08

0.64±0.01

20.22±0.59

0.9981

9.21±0.67

-

-

100

58.60±6.16

0.80±0.02

14.35±0.94

0.9950

1,000

61.16±9.11

0.75±0.03

14.70±1.47

0.9927

13.24±1.97

0

110.89±3.53

5.07±0.53

2.06±1.08

0.9773

33.93±1.08

462.00

12.68±1.33

100

114.08±4.18

4.62±0.49

1.80±1.20

0.9747

1,000

116.80±4.49

4.74±0.53

1.63±1.27

0.9718

35.74±1.37

0

245.93±5.69

25.49±3.83

1.77±0.76

0.9712

80.95±1.97

326.82

34.91±1.28

100

243.37±5.51

26.14±3.97

1.72±0.74

0.9714

1,000

238.81±4.98

27.13±3.99

1.68±0.69

0.9745

78.61±1.64

0

313.51±6.14

28.75±3.26

2.05±0.64

0.9816

68.29±1.34

100

315.22±6.24

28.37±3.22

1.79±0.66

0.9809

1,000

320.23±6.74

27.59±3.23

1.55±0.70

0.9785

303.81

459.11

80.11±1.81

68.66±1.36
69.75±1.47

The maximum methane production tends to increase with the increase in the concentration of CR-39 microplastic. However, the methane generation lag time of each substrate was decreasing with increasing the
concentration of CR-39 micro-plastic. It is probable that CR-39 micro-plastic promoted the decomposition of
methanogenic bacteria through a kind of DIET (Direct Interspecies Electron Transfer) mechanism used as an
interspecies electron transfer pathway.
Even at a CR-39 concentration of 1,000 mg/L, the biodegradability of laminaria was greater than 78.61%. When
micro-plastic pollution is so severe that it is difficult to use seaweed for food, it is considered that the polluted
seaweed can be used as a raw material for renewable energy.
The total DNA of the microorganisms was measured after the BPM tests. For testing, there is no significant
difference in the total amount of DNA in 0, 10, and 1,000 ppm CR-39. This means that CR-39 does not affect
microorganisms without substrate. In the organic waste test groups, the total DNA of the microorganisms
decreased as the concentration of CR-39 micro-plastic increased. Although the CR-39 concentration did not
affect the maximum amount of methane production, it did affect the total amount of microbial DNA, which
inhibits only the microorganisms that are not necessary for the production of methane, which makes it possible
to select useful microorganisms.

4. CONCLUSIONS
In the concentration range of CR-39 plastic lens micro-particles set in this study, CR-39 micro-plastic
did not affect the biochemical methane potential of oil sludge, swine manure, luminaria, and food waste.
However, CR-39 micro-plastic has the potential to inhibit the growth of microorganisms except
methanogens in the AD process.
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Interaction of Microplastics with Organics:
Ecosystem Impacts and Equilibrium Modeling
Yiğit Uçkan1, M. Kaan Türkan1, İpek İmamoğlu2
Abstract
Environmental concerns regarding interaction of microplastics (MPs) with organic contaminants (OCs) have been
raised recently as MPs became ubiquitous in the environment. Main terrestrial ecosystem impacts of MP/OC
interactions are potential reduction in sorption capacity of soils and microbial community changes. On the other
hand, bioaccumulation of MP/OC complexes, reproductive/behavioral disorders in organisms are prominent in
aquatics systems. In this study, EQuilibrium Criterion (EQC) Model was used for a straightforward evaluation of
overall environmental distribution of OCs in the presence of MPs as a means of elucidating ecosystem impacts of
MP/OC interactions. For this purpose, EQC model was modified to incorporate MPs as another compartment of
three different environments: (i) a default global environment, (ii) an open-ocean environment and (iii) a
terrestrial environment. Equilibrium distribution of OCs having a variety of physicochemical properties are then
obtained from the model. Results indicate increasing impact on partitioning of OCs onto MPs with increasing
hydrophobicity of OCs when pristine or aged MPs are included as an additional environmental compartment. The
most significant result is obtained for the open-ocean environment at the hypothetically largest (aged) MP volume
for the brominated flame retardant, BDE-47. While 73% of the total mass of BDE-47 was sorbed on suspended
solids in the absence of MPs, this was reduced to 19% when aged MPs were present. Even though the MP amount
was very large, considering their constant accumulation, these results point to potentially serious consequences in
terms of changing exposure of biota to bioaccumulative or otherwise detrimental OCs.
Keywords: Microplastics, organic contaminants, EQC Model, environmental impacts

1.

INTRODUCTION

The existence of MPs in ecosystems is important not only due to exposure of organisms to plastics, but also due to
their so-called “vector effect”; which means facilitation of transportation and toxicity of OCs sorbed by MP through
the food chain and a variety of other components in ecosystems. A variety of exposure pathways and abundance
result in impacts on aquatic and terrestrial ecosystems; however, oceans are considered as sinks for MPs, about 80%
of the emitted MPs is stated to end up in the freshwater systems and then oceans [1]. A graphical abstract of the
sources of primary and secondary microplastics illustrated in [2] is given as Figure 1 below. Microplastics itself and
sorbed contaminants can have behavioral, morphological, and reproductive effects on organisms in different
environments [2]. For this reason, in this study, ecosystem impacts of MPs are investigated in the literature for
terrestrial, freshwater, and marine ecosystems. Then, an equilibrium model, namely EQC Model is used to quantify
1
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change in equilibrium partitioning of a variety of OCs with the intention of elucidating MP/OC interactions and
potential ecosystem impacts considering ever increasing amount of MPs in the environment. During this evaluation,
eight different OCs having a variety of physicochemical properties were considered. In addition, both the amount and
character of MPs were changed, such that in terms of amount, realistic (i.e., from literature) and hypothetical MP
amounts were used in the model, while MPs were taken into account as pristine as well as aged. MPs were assumed
to be present and further accumulated in three different types of environments, namely a (i) a default global
environment of the EQC Model, (ii) an open-ocean environment and (iii) a terrestrial environment in which (ii) and
(iii) were created modifying (i).

Figure 1. Potential fate, pathways and biological interactions of microplastics in the environment [2]

1.1.

Impacts of MP/OC Interactions in the Terrestrial Ecosystem

There are a few sources of MPs in terrestrial ecosystems. For example, processed sewage sludge is commonly used as
a fertilizer in agriculture [3]. Because WWTPs can generally remove 90% of the MPs in wastewater [4], sludge from
WWTPs may retain MPs that might be emitted to soil. HDPE is mainly emitted to residential soil, with 50% of the
emissions due to nonconsumer activities. According to probabilistic material flow analysis of plastics, it was found
that HDPE pipes in the subsurface soil are responsible for 30% of the HDPE microplastic emissions due to wear of
pipes [5]. Another source of LDPE to terrestrial systems are agricultural films, as identified in a study conducted in
Switzerland [5]. Due to brittle nature and disintegration, micro-sized PE particles can be introduced into soil over
time. When soil contains remnants of agricultural films, such as LDPE, the sorption capacity of the soil for organics
is shown to decrease [6]. Then it can be deduced that transportation of organic contaminants in ecosystems is affected
and perhaps they become more mobile as a result of reduced sorption capacity of soil owing to PE presence. Hence,
increased mobility of organic contaminants can threaten groundwater when more and more LDPE is emitted into the
environment [6]. Lastly, changes in microbial community composition and enzymatic activities such as urease and
catalase were observed when there are LDPE type microplastics films in the soil [7]. Existence of LDPE type MPs in
agriculture is also supported by the material flow analysis as shown in Figure 2 below, which shows sectoral
prominence of LDPE use and release. The packaging industry also has significant use of LDPE plastics, which might
result in accidental or operational releases to the environment. Also, mismanaged goods from the packaging industry
through their life cycles can be a source of LDPE [5].
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Figure 2. Material Flow Analysis of LDPE in metric tonnes (kt) in Europe [8]

1.2.

Impacts of MP/OC in the Freshwater Ecosystem

Although most MPs will eventually be transported to oceans, freshwater ecosystems may act as reservoirs for a short
period of time [9]. In this period of time, MPs have an effect on living organisms. WWTPs can act as point sources of
PE because of their usage in personal care products and fibers from washing clothes, which are present in any
wastewater [10], [11]. MP emissions from these facilities depend on the removal efficiencies. Those plants can
eliminate up to 99% of MPs [12], but due to the enormous volumes of wastewater, treatment plants still constitute an
important source of MPs [9]. Other potential PE type microplastic sources to freshwater ecosystems may be direct
discharges from the construction sector, textile and packaging industries [13].
According to reference [9], MPs in water column and sediment can affect biota and eventually humans. For example
organisms that cannot egest MPs can bioaccumulate them. This depends on the exposure time, concentration, and
particle size. Reference [14] demonstrated that ingestion of tiny PE particles (1 μm in size) by zooplankton results in
immobilization, but bigger particles could not be ingested. It is likely to observe a higher bioaccumulation potential
for small MPs. For example, MPs are egested from freshwater organisms (planktons), while bioaccumulation of MPs
was observed in some types of freshwater fish. According to reference [15], inhibition in hatching, feeding
preference alteration, growth rate reduction is observed when freshwater fish were exposed to different
concentrations of MPs. In humans, exposure to MPs is possible through food items such as fish and freshwater
mussels, as well as potable water [9]. Any short or long-term impact of micro and nano-plastics on human health is
currently unknown.

1.3.

Impacts of MP/OC Interactions in the Marine Ecosystem

In the marine environment, sources are similar to freshwater systems. The main sources of MPs for the marine
environment can be categorized as primary and secondary. Car tyre wear and laundry textile are some of the
secondary microplastic sources. On the other hand, personal care products and wastewater discharge from some
industries such as textile are some common examples of the primary microplastics [16]. In a study conducted in the
Baltic Sea, surface/agricultural runoff was also identified as an important source for MPs. Furthermore in Sanggou
Bay, China, 63% of the MPs were shown to result from mariculture (i.e. fish farming) [17]. Plastic materials used in
fishing (e.g. plastic floating buoys and polyethylene ropes used in fish production) in that region, especially after
aging, are shown to break down and remain in water. Mismanagement of these plastic fishing gears was identified to
contribute to the MP pollution in that area [17]. According to the same analysis, it was found that PE type MPs were
the most abundant polymer. Another study suggests that the emissions of MPs from plastic and textile industries are
generally transported by wastewater to marine environments [3].
Effects on the molecular, cellular, and system levels, as well as apical outcomes, have been found in aquatic
organisms interacting with MPs. According to reference [18], when mussels exposed to PE type MPs, tissue
alterations were observed. Furthermore, they found that aged MPs were ingested more by mussels when compared to
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pristine ones. MPs can also act as vectors for OCs in the marine environment. Persistent, bioaccumulative and toxic
OCs can be accumulated through PE ingestion in aquatic biota. Toxicity is caused by the chemicals (i.e., PCBs,
PAHs, PBDEs) and/or the plastic itself [19], [20]. In early-life stages, exposure to MP/OC complexes can have a
permanent negative effect on fish by affecting their reproductivity [20].

2.

MATERIALS AND METHODS

In this study, the EQuilibrium Criterion (EQC) model, downloaded from Trent University web page
www.trentu.ca/cemc/resources-and-models/eqc-equilibrium-criterion-model was used for evaluation of MP/OC
interactions. This model evaluates the fate of a contaminant, via use of an evaluative environment and
physicochemical properties of the contaminant. Input required by the model are: (i) physicochemical properties of the
OC of concern (i.e., vapor pressure, solubility, Henry’s law constant, octanol-water partition coefficient, organic
carbon-water partition coefficient), (ii) emission amount of the OC as mass, and (iii) information on environmental
media (i.e., volume fraction, depth, density, organic carbon fraction). The model then calculates equilibrium
distribution of the OC, using a fugacity based approach, in sub-compartments, namely, air, soil, sediment and water
(which also contains suspended particles and fish) [21]. Results can be obtained in terms of mass, concentration and
mass % distribution.
The model can be run on three levels: Level I calculates thermodynamic equilibrium, Level II additionally considers
advective transport and transformation (i.e., degradation) processes, and Level III is a more complex evaluation based
on non-equilibrium, steady-state, where transport, transformation and inter-media transfer processes are included
[21]. In the current study, Level I was used. A modification was performed on the model such that the fish subcompartment was replaced with MPs, with appropriate modifications on the required properties of the compartment.
In addition, the octanol-water partition coefficient was replaced with the polyethylene-water partition coefficient,
KPE-W.
The model was run for three different evaluative environments containing sub-compartments at varying volumes. The
first was an environment that represents proportionate amounts of air, soil, sediment and water, and it is the default
environment proposed in the EQC Model. Secondly, an open-ocean [22] and thirdly, a terrestrial environment was
formed to further assess the distribution of MP and sorption of OCs under varying environments. For the open-ocean
environment, soil and sediment sub-compartments were eliminated. For the terrestrial environment, the parameters
were modified to simulate a vadose zone that consists of 50% soil, 25% air and 25% water, by volume.

2.1.

Information About MPs Incorporated to the EQC Model

In the study, a commonly used plastic type, polyethylene (PE) was selected. Regarding volume considerations of MP
in the water sub-compartment; a control case that contained no MPs, 55 m3 based on current observations in [23],
1200 m3 based on the assumption of continuous accumulation throughout years in the future and an exaggerated
volume of 106 m3 as stated in [22] was selected to assess all possible outcomes of MP accumulation. PE density was
taken as 935 kg/m3. Lastly, aging of MPs in the environment was taken into consideration as well. Since sorption of
an OC may increase or decrease due to aging of the MPs [24], it was assumed in this study that KPE-W of OCs could
increase by 50%, to simulate a worst-case scenario.

2.2.

OCs of Concern

Eight different OCs with varying physicochemical properties were used to analyze the distribution throughout the
sub-compartments; these were: phenol, trichlorophenol (TCP), tetrachloroethylene (PCE), tetrachloroethane (PCA),
hexachloroethylene (HCA), triclosan (TCS), malachite green (MG) and tetrabromodiphenyl ether (BDE-47). KPE-W of
the OCs were estimated according to [25] except for KPE-W of TCS, which was obtained experimentally.

3.

RESULTS AND DISCUSSION

The model results for all OCs and environments are summarized in Figure 3 in terms of mass percent distribution of
OCs in each compartment. Three groups of results are presented for each OC, corresponding to the three different
environments tested (i.e., default, open ocean, terrestrial). Also for each OC and environment, four sets of results are
shown, corresponding to different MP amounts assumed in each environment: i.e., zero, 1200 and 106 m3 and 106 m3
(Aged) MPs. The 55 m3 MP results are not shown since they were not very different from those given. Each bar adds
up to 100% mass distribution adding up all sub-compartments for the specified environment.
From one environment to the next, increasing soil/sediment component enables a media for more hydrophobic
compounds to partition. On the other hand, an increase of MP amount does not cause a drastic change when soil or
sediment is present in a given environment, especially when the OC has relatively high aqueous solubility. The
highest partitioning onto MPs generally occurred in the open-ocean environment that contained 106 m3 of aged MPs.
Apart from the total exaggerated volume of MPs, this is an environment we would see the most impact.
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Figure 3. Percent mass partitioning results from the EQC Model for organic contaminants with and without the presence of MPs
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A very large percent of waste plastics end up in the ocean and since most of them have densities lower than water,
they float on the ocean, and are subjected to aging under the UV rays. This is the scenario aimed to be investigated
with an open-ocean environment. Although a million meter cube of MPs is an exaggerated volume and perhaps
unlikely, it serves as a boundary condition where maximum impact of MPs can be envisaged. Subsequently, since
only “floating plastics” is considered, a drastic change in mass distribution is evident for the most hydrophobic OC,
BDE-47 and to a smaller extent, TCS. The results for these OCs in the open ocean are presented in more detail in
Table 1.
Table 1. Change of mass percent partitioning of BDE-47 and TCS in the open-ocean environment with inclusion of MPs.
Chemical

BDE-47

TCS

Amount of
MPs
0 m3
1200 m3
106 m3

106 m3 (Aged)
0 m3
1200 m3
106 m3
106 m3 (Aged)

Air

Water

8.4
8.4
3.0
2.2
5.6E-11
5.6E-11
5.6E-11
5.6E-11

18.4
18.4
6.5
4.9
96.4
96.4
95.8
95.5

% mass distribution
Suspended
MPs
Particles
73.2
0
73.0
0.2
25.8
64.8
19.3
73.6
3.6
0.0
3.6
0.0
3.6
0.6
3.5
1.0

Soil

Sediment

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

As can be seen in Table 1, even without considering aging of MPs, high affinity of BDE-47 for MPs resulted in
noticeable partitioning at 1200 m3 and significant partitioning, i.e., up to 64.8% in the highest MP volume. When
aging of MPs were assumed to result in more favorable sorption, partitioning further increased to 73.6%. For the case
of TCS, up to 1.0% partitioning was observed onto aged 106 m3 MPs, which can still be considered significant
because it would mean one percent of total TCS in the global environment, imagining tons of a potentially very
dangerous chemical, concentrated on microplastics. This situation has the potential to cause serious adverse effects.
The same potentially dangerous impact, however, may not exist for OCs that are relatively much more soluble, such
as phenol or chlorinated aliphatics.
In contrast to the open ocean, default and terrestrial environment contain air, water and soil as major subcompartments, which are expected to sorb OCs much more significantly when compared to MPs. Except for BDE-47,
which was significantly sorbed by MPs due its high affinity, the mass percent partitioning to MPs are found to be low
when compared to the other sub-compartments. These results indicate especially susceptible ecosystems when
MP/OC interactions are concerned. It should also be noted that in this modeling approach, intermedia transport and
transformation processes were not considered. These would be expected to have an impact on partitioning of OCs
within the various sub-compartments.

4.

CONCLUSION

This study investigates ecosystems and OCs having a diverse array of physicochemical properties for which
interaction with MPs could have potentially serious impacts. An overview of the literature is presented where sources
of MPs are discussed, with potential intersection with ecosystem components. Then an example application is
presented where the impact of sorptive capacity of OCs towards MPs was investigated via the use of a multi-media
evaluative model. Subsequently, abundance of OCs in a variety of compartments in three separate environments were
estimated to yield the scenarios which reveal the highest potential impact of MP/OC interactions. Even though
various sorption affinities of OCs for the MPs are available in the literature, the results in this study indicated that in
all types of proposed environments, the greatest impact of MP/OC interactions were revealed for the most
hydrophobic compounds, which in this case was a brominated flame retardant, BDE-47 and an antimicrobial agent,
triclosan. As more plastics are used in our daily life, they will accumulate in the environment and form microplastics,
then nanoplastics and this will go on further. Eventually they will find their way into not only environmental
compartments but also living organisms. For this reason, we believe this study constitutes a first step towards
understanding this complex web of interactions.
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Microplastics Removal from Solid Waste
Landfill Leachate by Electrocoagulation
Process
Hanife Hazal Emik1, Hanife Sari Erkan1,*, Guleda Onkal Engin1
Abstract
This study was performed to investigate the removal of microplastics in landfill leachate by applying
electrocoagulation process. For this purpose, aluminium (Al) and iron (Fe) plate electrodes were used as
anode and/or cathode. Al and Fe electrodes were tested with 6 different anode-cathode combinations as
Al-Al, Fe-Fe, Al-Fe, Fe-Al, 2Al-2Al, and 2Fe-2Fe. The operating parameters namely the applied current
and the reaction time were optimized to reach maximum microplastic (MP) removal efficiency. The
untreated leachate and effluent samples at each electrode pair application were examined under the
stereomicroscope and it was determined that Al-Fe electrode was the most efficient pair for microplastic
removal. The optimum applied current and time for the Al-Fe pair were determined at 4 A and 45 min,
respectively, and approximately 74.63% microplastic removal ratio was obtained in the study.
Keywords: Microplastic, landfill leachate, electrocoagulation, removal efficiency

1. INTRODUCTION
Plastic is becoming a massive part of everyday life due to its excellent stability and durability. The
development of plastic has increased 200 times since the 1950s and the world's plastic production reached
348 million tons in 2017. It is estimated that this number will increase with an increase in the production and
consumption of plastic materials, and approximately 12,000 million tons of plastic waste will be thrown away
by 2050 (Geyer et al., 2017). About 50% of plastics are used for disposable products (Hopewell et al., 2009)
and therefore plastics accumulate in the environment causing serious environmental problems (Barnes et al.,
2009). Microplastics (MPs) are of main concern in the recent years due to their widespread occurrence and
potential risk to the environment (Zhang et al., 2021). MPs, defined as plastic particles smaller than 5 mm, are
divided into "primary MPs" (small pieces of plastic produced on purpose) and "secondary MPs" (formed by
the breakdown of macroplastic material) (Arthur et al., 2009). MPs are ubiquitous in the environment. At the
same time, MPs have the potential to adsorb persistent organic pollutants and heavy metals to transport these
pollutants or enrich them in biota, thus having major impacts on human health and ecosystems (Bouwmeester
et al., 2015). Their presence has been reported in the seas (Bergmann et al., 2015), fresh waters (Imhof et al.,
2013), atmosphere (Dris et al., 2016), soil (Nizzetto et al., 2016) and wastewater treatment plants (Carr et al.,
2016).
The best way to eliminate MP pollution is to control and prevent plastics from entering the environment. For
this reason, it is of great importance to determine the transportation routes and sources of microplastics in the
environment (Arthur et al., 2009). The release of MPs into the environment is generally recognized as a result
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of inappropriate human activities and ineffcient waste management (Barnes et al., 2009). It is reported that
plastic beads used in cosmetics and personal care products (Eriksen et al., 2013), waste plastic products from
factories (Lechner et al., 2014) and fiber loss from textile products in the washing process (Hernandez et al.,
2017) are also important sources of MP. MPs pollution, which is an environmental challenge, is not clearly
understood although there is a great deal of available research covering its abundance, composition, sources,
and impact (Sundt et al., 2014). Plastic spills from land-based activities are the primary source of entry into
the aquatic environment and result from activities such as solid waste dumping, plastic misuse, and
mismanaged landfills (Duis and Coors, 2016). It has been determined that large amounts of plastic waste
thrown into sanitary landfills and leachate produced from landfills are an essential source of pollution for
MPs. However, the removal efficiency and properties of MPs in the leachate treatment system have not yet
been clarified (Zhang et al., 2021). Plastic wastes constitute about 20% of the solid waste generated in the
landfills (Wang et al., 2015). During the long-term storage process, these plastic wastes gradually turn into
MPs. Industrially produced primary MPs which are added to personal care products and cosmetics may also
reach landfill areas and increase MP concentration (Su et al., 2019). Xu et al. (2020) reported that MPs
concentration was found to be 291 ± 91 particles/L (20–100 µm) in landfill leachate in Shanghai (Xu et al.,
2020). He et al. (2019) also investigated MPs abundance in landfill leachate, and it was found to be 0.42 24.58 particles/L in landfills in China (He et al., 2019). On the other hand, Su et al. (2019) found MPs
concentration between 4.00 and 13.00 particles/L (Su et al., 2019). In the study conducted by van Praagh et
al. (2018) in the Scandinavian countries, MPs concentration was found to be 0.00 - 4.51 particles/L in landfill
leachate (Praagh et al., 2018). In another study conducted in a landfill in northern France that has been closed
for 20 years, an average MPs concentration was determined 6.00 particles/L (Kazour et al., 2019). As can be
seen in these studies, the MP concentration detected in leachate varies from region to region and from study
to study. The reasons for this are mainly the lack of a standard MP analysis procedure and different solid
waste management practices, including consumption habits and lifestyle.
It was declared in the report from the Scandinavian European Countries that lower MP abundances were seen
in treated leachate samples. Therefore, it is suggested that local treatment of landfill leachate may be a viable
option to reduce MP emissions in the succeeding wastewater treatment plants or aquatic environments
(Praagh et al., 2018). While different treatment methods are effective for MPs having larger sizes, the fate of
smaller ones (below 10 μm) remains uncertain. This problem also manifests itself in wastewater treatment
plants, and advanced treatment technologies need to be applied or developed to solve this problem. Some of
these existing technologies also have the potential to be applied in landfill leachate plants. For example,
membrane filtration processes and their combination of suspended growth biological treatment could remove
99.9% of microplastics from wastewater (Hou et al., 2021). Density separation, such as dissolved air flotation
or oil application, may also be an option for the removal of MPs from wastewater and landfill leachate.
However, as microplastics from leachate may contain hazardous adsorbed chemicals, their secondary use
(e.g. upcycling) can be hazardous. On the other hand, thermochemical conversion of microplastics to oil
using supercritical water systems under optimized process conditions appears to be highly energy-efficient
while producing lower greenhouse gases than incineration (Hou et al., 2021). Other treatment approaches
include the degradation or sedimentation of MPs by electrochemical oxidation and electrocoagulation. In
electrochemical oxidation, hydroxyl radicals and other oxidizing agents (eg, ClO-, O3 and H2O2) attack
polymeric material (Hou et al., 2021). Anode materials are one of the main operational parameters to remove
MPs from wastewater in addition to type, size, and concentration of MPs, applied current, initial pH, and
reaction time in the electrocoagulation process (Shen et al., 2022). Application of more than one of these
methods may increase the efficiency of removing MPs from landfill leachate.
The main goal of this study was to investigate MPs removal from sanitary landfill leachate by
electrocoagulation (EC) process. For this purpose, batch laboratory experiments were performed under
controlled operating conditions to determine the effects of the anode-cathode pair used in the EC process.

2. MATERIALS AND METHODS
2.1. Characterization of landfill leachate
In this study, MPs removal by EC process is investigated in raw leachate samples taken from the Odayeri
Landfill Leachate Treatment Plant (LLTP). The solid waste generated from the European part of Istanbul was
stored in the Odayeri landfill area between 1995 and 2018. The LLTP is still in operation. The main
properties of leachate samples used in the batch experiment are shown in Table 1. The analysis of COD and
other analyses were performed according to the Standard Methods (Federation and Association, 2005).
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Table 1. Characterization of leachate sample used in the batch EC experiment

Parameter
pH
Electrical conductivity (mS/cm)
Chemical oxygen demand (COD: mg/L)
Total suspended solid (TSS: mg/L)
Total volatile suspended solid (TVSS: mg/L)
Ammonia nitrogen (NH3-N: mg/L)
Chloride (mg/L)

Mean value ± Standard Deviation
7,6 ± 0,3
37,5 ± 0,4
15233,33 ± 711,71
1320
940
1702,4 ± 1,98
3998,8

2.2. Experimental set-up, measurements and procedure
In the study, a batch cylindrical EC reactor having a 400 mL working volume was used for landfill leachate
treatment. Rectangular aluminum and iron electrodes were connected as monopolar (Fe-Fe, Al-Al, Fe-Al, and
Al-Fe for anode-cathode) and parallel monopolar (2Al-2Al and 2Fe-2Fe) to an ADC-3306D digital DC power
supply to provide current density desired. The inner gap between two electrodes for monopolar and parallel
monopolar arrangements was 2 cm and 1 cm, respectively (Figure 1). The EC cell was stirred continuously at
150 rpm with a magnetic stirrer. One factor at a time optimization route was followed to determine the effects
of process parameters namely the initial pH, current density, and anode-cathode pair. After each batch
experiment, treated leachate samples were taken in 50 mL falcon tubes and then centrifuged at 6000 rpm for 1
min for further analysis.

(a)

(b)
Figure 1. Monopolar (a) and parallel monopolar (b) EC treatment

The microplastic analysis for untreated leachate was conducted after applying wet peroxide oxidation and
density separation steps adapted from Cordova and Riani (2021) (Cordova and Riani, 2021) while treated
leachate samples were filtered using glass-fiber filter paper having a 0.7 µm pore size after being centrifuged
and microplastic observation was conducted under a stereomicroscope (Zeiss Stemi 508 stereo microscope
coupled with Axiocam 208 color digital camera).

3. RESULTS AND DISCUSSIONS
3.1. Effect of anode-cathode pair on treatment efficiency
In the study, 6 different monopolar and parallel monopolar anode and cathode connections were tried to
determine the effects on COD and microplastic removals. Other operational parameters namely the initial pH,
applied current, and time was kept constant as the original pH of untreated leachate, 3 A and 30 min. As seen
in Figure 2, the maximum COD removal efficiency was obtained using 2Al-2Al parallel monopolar
electrodes (25.7%), while the highest microplastic removal efficiency was obtained with the monopolar Al-Fe
anode and cathode pair (40.02%). The main goal of this study was to determine the maximum microplastic
removal efficiency, therefore the Al-Fe electrode pair was chosen for a further batch experiment where
optimum applied current and reaction time were investigated.
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Figure 2. Effects of electrode pair on the removals of COD and MPs

3.2. Effect of applied current on treatment efficiency
The applied current was varied between 1 and 4 A in the batch experiments using the Al-Fe electrode pair at
the original pH value of untreated leachate and 30 min reaction time. Figure 3 shows the effects of the applied
current on the removal efficiencies. As seen in Figure 2, the maximum COD (22.95%) and microplastic
(63.1%) removal efficiencies were obtained at 4 A of applied current, thus 4 A was selected as the optimum
applied current for further experiments.

Removal efficiency (%)

070

COD

060
050
040
030
020
010
000

1A

2A

3A

Applied current (A)

4A

Figure 3. The effects of applied current on COD and microplastic removal efficiencies

3.3. Effect of reaction time on removal efficiencies
In the last step of the batch experiments, the reaction time was varied between 15 and 60 min to determine the
effects of time on COD and microplastic removal efficiencies. The obtained results are presented in Figure 4.
As seen in Figure 4, the highest microplastic removal efficiency was found to be 74.63% at 45 min of
reaction time and further increase of reaction time did not enhance microplastic removal efficiency. However,
it should be noted that relatively lower COD removal efficiency was obtained (20.19%) under these
conditions, compared to the removal efficiency obtained at 60 min of reaction time (31.6%).
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Figure 4. Effects of reaction time on treatment efficiencies

3.4. Shape, size and color of microplastics at optimum operating conditions
In the study, the size, shape, and color variations of detected microplastics in raw and treated leachate
samples at optimized conditions are presented in Figures 5-7. As can be seen in Figure 5a, the dominant size
category of particles was between 50 and 500 µm in raw leachate, while the >1000 µm size category was
found dominant in EC-treated leachate, which means that higher size of microplastics may be discharged into
sewage system or receiving media.

Particle/L

600
400
200
0

50-500 µm

500-1000
µm

50-500 µm

500-1000
µm

(a)

>1000 µm

Particle/L

150
100
50
0
(b)

>1000 µm

Figure 5. Size distributions of microplastics isolated from raw (a) and treated leachate (b) sample

Only 2 types of microplastics, fragment and filament were found in the study. Figure 6 shows the shape
distribution of microplastics before and after the EC treatment. In the untreated leachate sample, particle
shape was determined as 47% fragments and 53% filaments, respectively (Figure 6a). On the other hand,
fragment ratios decreased to 18% while filament percentage increased after EC treatment (Figure 6b). In this
case, it can be said that the EC process is more effective in the removal of fragments.
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18%
47%

53%

82%

(a)

Filament

(b)

Filament

Fragment

Figure 6. Particle shape distribution before (a) and after (b) EC treatment

The color of the detected microplastics was also investigated and the obtained results are presented in Figure
7. As seen in Figure 7a, a wide distribution of particle color was observed in the untreated leachate sample,
whereas only blue, gray, transparent, black, and red particles were detected in the EC-treated leachate sample
(Figure 7b). Figure 8 also shows the color distribution of microplastics in terms of fragments and filaments.
After EC treatment, black and transparent fragments were detected, while blue, gray, transparent, black, and
red filament particles were observed.

(a)

(b)
Figure 7. Color distribution of detected particles before (a) and after EC treatment (b)
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Figure 8. Color distribution of detected fragments and filaments before and after EC treatment

4. CONCLUSION
In the study, microplastics removal efficiency from landfill leachate by electrocoagulation process using
different anode and cathode connections was investigated. For this purpose, 4 monopolar electrode pairs
namely the Fe-Fe, Al-Al, Fe-Al, and Al-Fe anode-cathode and 2 parallel monopolar electrode combinations
(2Fe-2Fe and 2Al-2Al) were tested to determine an effective electrode pair and connections. The applied
current and reaction time were also optimized in the study and the Al-Fe electrode pair, 4 A applied current,
and 45 min reaction time was determined as the optimum conditions in EC treatment. Under the optimized
conditions, 74.63% microplastics and 20.19% COD removal efficiencies were obtained. The detected
microplastics' shape, color, and size were also investigated for both untreated and EC-treated leachate
samples, and dominant particles' shape and size were found in filament and >1000 µm in treated leachate,
respectively. This means that EC treatment is effective for the removal of fragment particles, however,
chemical characterization of detected microplastics in the whole study must be analyzed by Fourier
Transform Infrared (FTIR) spectroscopy to validate suspected particles to microplastics.
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Abstract
As the demand for plastics increases, the international plastic waste trade has grown steeply during the
last decades. Different studies have identified that plastic waste frequently travels from developed to
developing/underdeveloped countries posing environmental burdens on them turning the issue into an
environmental justice debate denoting the unequal distribution of social and environmental costs. With the
recent implementation of China’s waste import bans, different countries such as Turkey have become
importers of large amounts of waste. From a Circular Economy (CE) perspective, this trade could be
classified as an implementation of 9R principles, particularly in plastic recycling. However, the rapid
change in waste flows in Turkey and the lack of waste management infrastructures have generated several
problems in the economic, environmental, and social spheres of sustainability. Against this background,
this paper analyses the plastic waste trade by employing a combined SWOT/ANP method to highlight the
most important factors to reach an environmentally just recycling practice in line with the CE principles.
After determining the main factors of the problem, a set of possible strategies were identified and evaluated.
Preliminary findings indicate that mainstream practices i.e. recycling and reuse, are frequently classified
as insufficient to reach a CE model that embraces an environmental justice perspective. Unless these
approaches consider the matter holistically, material recovery ends up in shifting pollution to other
countries, promoting a circular washing cycle and preventing the achievement of real sustainable
development.
Keywords: circular economy, environmental justice, plastic waste, recycling, Turkey

1. INTRODUCTION
Plastic waste has become a major concern in many countries as the demand for plastics increases at a significant
pace, especially in the post-COVID era [1]. The use of plastic, not only for protective equipment against COVID
but also for single-use plastic products has accelerated the accumulation of waste at a record-breaking rate.
There is also a projected surge in the use of plastics which will result in an increase in post-consumer plastic
waste [2]. In addition, post-consumption plastic recovery is still very low, it is estimated that plastics’ recycling
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rate is only between 14% and 18% globally, while 24% of plastic waste is incinerated and the remainder ends
up in landfills or released into the environment [3] causing negative impacts on the biosphere.
The circular economy (CE) model emerges as an alternative to promote the reduction of environmental impacts
through preserving the value of materials either by extending the life of products or by reintegrating them into
the system [4]. Under these principles, waste recycling practices can have a positive effect by transforming
waste into new raw materials and reducing the pressure on the environment. For this reason, many countries
have opted for exporting their waste for recycling. This practice has rapidly increased during the last few
decades [5] generating further issues since, even when this trade could be perceived as an implementation of
9R principles of CE, recent studies have identified that global plastic waste travels mainly from developed to
developing countries [5]-[7] creating new environmental pressures on receiving countries.
In terms of plastic waste per capita, the United States (US) is the largest producer, followed by the United
Kingdom (UK) [6]. With low-income countries as the main destination of plastic waste, many issues derived
from an insufficient treatment capacity have emerged, damaging the local and global environment [7]. As a
response, some countries have started to implement restrictive measures to have better control of plastic waste
imports. This is the case for Vietnam, the Philippines [8] and China [8], [9], with the latter being the most
complex one due to the amount of waste that has been redirected to other countries as a result of the
implemented waste ban measures. This issue has been associated with an environmental justice debate that
refers to the poor bearing much of the environmental risks due to low representation, limited access to power
and decision making, implying procedural unfairness [10], [11]. Despite some interventions against the waste
trade from developed to developing/underdeveloped countries, the burden only shifted to the poorer countries
that willingly import plastic waste.
The case of Turkey is one of the most relevant cases in this matter. In 2020, Turkey was the world’s largest
importer of plastic waste, importing 13.1% of total global plastic waste [12]. The export of UK plastic to Turkey
raised from 80,247 to 209,642 between 2018 and 2020, accounting for 40% of the UK’s total plastic waste
exports [13]. In addition, due to China’s bans on plastic waste imports, Turkey also became the main destination
for EU waste exports. This rapid change in plastic waste flows in Turkey and the lack of local waste
management infrastructures have generated several problems in each sphere of sustainability, i.e., economic,
environmental, and social. Due to the insufficient waste management infrastructure and the imported
oversupply of waste, plastic leakage has reached the Mediterranean Sea with Turkey contributing the highest
share (16.8%) of the European marine plastic pollution [14].
The increase in plastic waste imports in Turkey is still an unclear issue since, even when some sources argue
that the plastic sector relies on imported waste as a source of cheaper (secondary) raw material [15], some
studies have found that the cost of primary raw materials is reported to be almost the same as the imported
waste plastics [1], [14], undermining the previous assumption. Other scholars have also pointed out the problem
of lack of transparency in the plastic recycling industry. Moreover, from an environmental perspective,
organizations such as Greenpeace and Interpol reported that the European plastic waste exported to Turkey was
“open dumped” (i.e., dumped at illegal, unregulated sites) and then burnt in these locations without any control
[6]. Nevertheless, being more than just an environmental justice problem, the social impacts of the illegal plastic
waste economy are closely related to other activities of criminal groups. In some cases, waste-recycling
companies have been accused of involvement in human trafficking and modern slavery as a way of sourcing
cheap labour [1]. Considering all pillars, the plastic waste trade is far from being a sustainable practice that
complies with CE principles by any means. In light of this, this paper analyses the problem of plastic global
trade in Turkey in order to find new strategies with an environmental justice perspective in the sector through
CE practices.

2. MATERIALS AND METHODS
For this study, the plastic waste trade is analyzed through a combined SWOT/ANP method to highlight the
most important factors to reach an environmentally just recycling practice in line with the CE principles. This
method was applied for the case of Turkey in the plastic waste sector with a particular focus on imported
materials. First, a comprehensive literature search was conducted to highlight the Strengths (S), Weaknesses
(W), Opportunities (O), and Threats (T) related to the plastic waste trade. This SWOT analysis summarizes the
most important factors that might affect the organization’s future, these are the strategic factors. The strengths
and weaknesses are identified by an internal environment examination whilst the opportunities and threats are
identified by an external environment examination [16].
The analysis was followed by the construction of strategies upon the strength of plastic global trade, eliminating
the weaknesses, exploiting the opportunities, or even using them to counter threats. The use of a hybrid method
combining SWOT analysis with Analytical Network Process (ANP) allowed depicting the complex
interrelationships among decision levels and attributes [17]. To apply the ANP to matrix operations to
determine the overall priorities of the alternative strategies identified with SWOT analysis, we used an 8-step
algorithm; starting with the identification of SWOT sub-factors and alternative strategies, followed by the
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determination of interdependent priorities and importance degrees, and finally getting to the calculation of the
overall priorities of the alternative strategies to indicate the best ones. To reflect the plurality of perspectives in
developed and developing regions, key stakeholders from different places were invited to participate in the
evaluation process.

3. RESULTS AND DISCUSSION
The results of the SWOT analysis are presented in Table 1, showing the strengths (S), opportunities (O),
weaknesses (W), and threats (T) of the import of plastic waste in Turkey.
Table 1. Results of SWOT analysis

Strengths (S)

•
•

Provide secondary raw materials to the
recycling facilities
Profitability, i.e. buying imported waste is
cheaper than using primary raw materials
(*still not well established)

Opportunities (O)

•
•

Weaknesses (W)

•
•
•
•
•

Insufficient and inadequate infrastructure for
waste recycling
The lack of transparency in the import plastic
waste process
Turkish financial crisis (economic poverty)
Low quality of recycled plastics
Difficulties of sorting and recycling mixed
plastic waste

Existence of international interventions and
agreements to control waste trade
Improvement in the environmental sustainability
performance
Threats (T)

•
•
•

China’s implementation of plastic waste import
ban (that redirected the flows to Southeast Asia)
Increase on plastic waste volume
The risk of illegal waste treatment and
consequences on human health and also the
environment

Derived from this analysis, four strategies to achieve an environmental justice perspective through CE practices
were identified for the case of the plastic waste trade in Turkey. The strategies emerge from the combinations
of the SWOT factors: (SO) promotion of green and sustainable materials to replace plastics; (ST) reduction the
sector’s dependency on imports, (WO) introduction of legal measures to control the flows into Turkey; and
(WT) implementation of technical improvements for better plastic waste management.
The preliminary findings (based on a limited number of interviews, to be extended) indicated that the
mainstream practices such as recycling and reuse are frequently classified as insufficient to achieve a circular
economy model that embraces an environmental justice perspective. Unless these approaches consider the
matter holistically, actions such as recycling and reuse end up in pollution-shifting practices from developed to
developing countries, which can be classified as circular washing.

4. CONCLUSIONS
Identified strategies upon combined SWOT/ANP analysis allowed to demonstrate the divergence of perceptions
and priorities among the stakeholders. While some tend to preserve the status quo via optimizing the existing
technologies and improving the efficiency of current practices, some others support more radical changes such
as legal actions and bans to improve the sustainability performance of the sector. The divergence is presumably
linked to the background and context of the experts interviewed and the different sensitivities and experiences
according to the priorities and change capacity of each sector. These facts reflect the complexity of achieving
a global consensus in a circular model for plastic waste that aims to embrace global environmental justice
principles but they simultaneously open strategic opportunities for cooperation in the international plastic waste
trade sector.
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Abstract
Microplastic (MP) release has been drastically increased in the aquatic environment, and they may act as
vectors for organic contaminants (OCs) so MP/OC interaction is of concern. Triclosan (TCS) is an
endocrine disruptor and bio-accumulative organic chemical used as an antimicrobial agent. This study
investigates sorption of TCS by polyethylene (PE) type of MPs in aqueous solutions. Characterization of
MPs is carried out via FTIR, BET, DSC and pHZC. Isotherm studies indicate a linear sorption trend,
owing to the hydrophobic characteristics of TCS. In batch experiments, it is observed that there is an
inverse relationship between sorption capacity and MP amount. The maximum equilibrium sorption
capacity obtained is 6922 µg/g. While particle size was unimportant, pH was very influential for sorption,
enabling mechanistic assessments to be made. Overall, results showed a similar trend to the previously
reported literature results regarding sorption capacity and pH effect, but not with particle size.
Keywords: Microplastics, Polyethylene, Triclosan, Sorption, Mechanism

1. INTRODUCTION
Plastic release into the environment is a significant concern due to its enormous production and use rate
despite improved waste management practices [1]. It is estimated that 11% of plastic waste by weight was
generated globally in 2016; moreover, annual emissions may reach 53 million metric tons per year by 2030
[2]. Microplastics are plastic particles with a size of less than 5 mm and are easily transported in the
environment. As well as MPs, organic pollutants also have an important impact since they may exhibit
toxicity and persistence in the environment [3]. TCS exposure is associated with health effects such as
reproductive problems, as well as disruption of endocrine system in multiple species [4]. TCS is a widely
used ingredient of PPCPs owing to its use as a disinfectant and antimicrobial agent; subsequently, WWTPs
are important sources of TCS.
The aim of this study was to investigate interaction of TCS with PE type microplastics, by kinetic and
equilibrium studies, as well as taking into account effect of particle size and pH on sorption.
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2. MATERIALS AND METHODS
MPs were obtained in powdered form from a local water tank manufacturer. Prior to use, MPs were sieved,
washed in an ultrasonic bath for 30 mins, and dried at 30oC. TCS was analyzed directly via HACH DR6000
UV/Vis-Spectrophotometer at 279 nm wavelength. Kinetic and isotherm sorption experiments were
conducted as triplicate in 40 mL or 250 mL amber glass vials with destructive sampling. Also, for
consecutive sampling, 100 mL glass bottles with silicone caps were used. Prepared vials were shaken
horizontally at 200 rpm and 25ºC±2oC in an incubating shaker. At the predetermined times (e.g., 0, 6, 20, 24,
48, and 72 h), the liquid portion was separated from MPs by using a syringe to check absorbance. Control
reactors without MPs and TCS were employed during all sorption experiments. For pH adjustment, H2SO4
and NaOH solutions were used. For kinetic experiments, 10 g/L was used as solid:liquid (S/L) ratio. Isotherm
experiments were performed for TCS and MPs by changing the MP amount in the sorption vials (i.e., 5, 10,
15, 20, 25, 30, 40 g/L).

3. RESULTS AND DISCUSSION
MPs with a density of 0.935 g/cm3 is characterized by FTIR (Figure 1) and DSC. MP characterization showed
that the type of MPs is high to medium density (0.935 g/cm3), polyethylene (PE) with a crystallinity of
49.4%. MPs had an isoelectric point at pH=2, above that pH the surface charge was negative. Overall
characterization results of HDPE type of microplastics are provided in Table 1.

Figure 1 FTIR spectrum of PE sample used in this study.

Table 1. Characterization of microplastics
Type
HDPE

Density
0.935 g/cm

3

Melting
Temperature

Crystallinity

126 °C

49.4%

Specific Surface
Area

Surface Charge

2

0.1034 m /g
2

(< 1.5 m /g)

negative (pH>2)

Kinetic experiments indicated the equilibrium time (teq) as 24 h for TCS at pH 6. Also, kinetic studies with
different sizes of PE showed that teq is the same. Sorption capacities were 1252, 1016, and 1437 µg/g with
particle sizes of 850-1000, 250-500, and 106-180 µm, respectively. Thus, particle size did not have a major
effect on the sorption capacities of TCS on MP (Figure 2a). Also, changing S/L affects sorptive capacity,
such that the lower the S/L, the higher the per mass TCS sorbed (Figure 2b). The high affinity of PE for TCS
may explain the linear trend of sorption, rather than the expected non-linear sorption. Yu et al.[5] state that
hydrophobic partitioning of undissociated phenolic species into organic matter is linear. Here, TCS is in its
undissociated form because pH=6, and pKa is 8. Also, the PE surface is negatively charged at this pH. So,
instead of an electrostatic attraction, hydrophobic sorption is likely taking place. Data obtained from
adsorption isotherm experiments will be fitted to Freundlich and Langmuir models.
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Figure 2 (a) Effect of particle size on TCS sorption (b) TCS isotherm.

Moreover, TCS and MP interactions were examined at three different pHs, i.e., 6, unadjusted (approximately
8) and 10, to yield information of sorption affinity of the unionized, partially ionized and completely ionized
form of the TCS, respectively. The acidity constant for TCS is 8.1, hence at unadjusted pH, TCS is partially
dissociated. At pH 6, on the other hand, TCS is fully in its undissociated form. It was observed that when pH
increases, i.e., as the anionic form of TCS dominates, the removal of TCS as well as the adsorption capacity
of PE decreases. Ma et al. [6] discuss that the dissociation of TCS has an impact on adsorption by increasing
the repulsion between TCS- and their PVC-type MP. In accordance with the literature, in this study, removal
of TCS was 51% and 86.4% at pH 10 and 6, respectively. Also, control vials show adsorption to glassware is
significant at pH 10, when TCS- is dominant (i.e., 35% reduction of TCS), as seen in Figure 3. These results
indicate that unionized TCS molecule has higher affinity for polyethylene, suggesting hydrophobic
interactions as opposed to electrostatic ones to dominate PE-TCS interactions.
100

TCS+MP
TCS-only

Removal (%)

80

60

40

20

0

6

unadjusted

10

pH
Figure 3 Effect of pH on TCS sorption on PE.

4. CONCLUSION
It is concluded that TCS is readily sorbed on PE with an equilibrium time of 24 h and has a high adsorption
capacity due to its high solubility and hydrophobic nature. Maximum sorption capacity is observed as 6921
microg/g. Tong et al [7], reported triclosan sorption capacity on PE to be 3431.85 microgram/g while Chen et
al [8], reported as 1247,8 microgram/g for PE. On the other hand, there are much higher capacities reported
for other types of plastics. The experimental results revealed that the particle size did not have a major effect
on sorption capacities of TCS on PE. Lastly, it is observed that TCS sorption decreases with increasing pH. It
is suggested that for TCS sorption on PE, hydrophobic interaction is the dominant mechanism.
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Abstract
The nature and decomposition of plastic wastes has raised a worldwide concern about the methods of
plastic waste disposal. The detrimental effects of plastic wastes on the environment has led to negotiations
on the sustainable ways of plastic wastes disposal including reducing, reusing and recycling as some of the
methods. Like most other countries, Kenya faces challenges with plastic wastes disposal and management.
In 2017, a selective ban was imposed in Kenya on plastics targeting the use and manufacturing of plastic
carrier bags. This did not stop, however, the production and use of plastics in other sectors apart from
carrier bags with plastics being actively used in other types packaging and disposed of throughout the
country on a daily basis in very large quantities. This paper highlights the status of plastic wastes,
including microplastics and management of plastic wastes in Kenya. It reviews the status and
sustainability of selected plastic wastes recycling industries as methods of plastic waste management in
Kenya. It identifies the challenges and opportunities facing these plastic recycling industries and provides
specific recommendations to enhance innovation, technology and sustainable practices as well as to
strengthen institutional capacity in implementation of policies/policy reforms in plastic waste management.
Keywords: Microplastics, Plastic Waste Management, Recycling.

1. INTRODUCTION
Plastic waste has raised an alarm due to its nature and decomposition properties [16]. Plastics, a manufactured
polymer, does not easily degrade in the natural surroundings, in contrast to naturally existing materials [15]
With the rapid expansion in production and improper disposal of plastics, the amount of plastic litter in the
environment is increasing drastically [34]. As a result, the obvious build-up of plastic waste is turning into a
major environmental problem. Over the past few decades, plastics have been produced, used, and discarded
more frequently than ever before due to their versatility, light weight, low cost, and durability [2]; [22].
Plastic production has grown rapidly, from 279 million tons in 2011 to 359 million tons in 2018 [14]. This is
an increase of about 4% per year [18].
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Plastic objects with a diameter of less than 5 mm are frequently referred to as microplastics [11].
Microplastics on the other hand also play a role in ocean and land pollution [22].Microplastics can enter the
soil in two ways: as primary microplastic through the application of sludge to industrial abrasives and
cosmetic items, or as secondary microplastic from the environmental breakdown of plastic mulch [18].
Primary microplastics are polymers that are purposefully created on a small scale and are frequently found in
personal care products as abrasive scrubs or microbeads [11]. Secondary microplastics are produced when
massive plastic waste in the marine environment weathers and breaks down over time as a result of various
physical, chemical, and biological processes, such as wind, wave, light, and biological degradation [17]. The
appropriate disposal of plastic waste is essential for protecting the planet and the health of the
environment since plastic waste production keeps rising [23].
Plastic waste disposal is a major problem worldwide [5]. For instance, Bangladesh, a developing country with
a population of 166 million, has issues with disposing off plastic waste [9]. Plastic waste clog drains,
preventing water from flowing, causing flooding around the nation [12]. Each year, the stagnant water in
sewers encourages the Aedes mosquito's reproduction, which results in the deaths of thousands of people.
[12]. Countries' failure to dispose of solid waste has harmed the environment and human health [3]. For
instance, Malaysia has a negative image as a big source of the marine plastics problem due to its ineffective
techniques for managing plastic debris, which have caused several problems with the environment and human
health [4]. Plastic waste accumulates 65 of the environment in China due to its tenacity and the limitations of
recycling processes, where microplastics have contributed to soil degradation [18]. Therefore, there is a
pressing need to develop and apply sustainable means of disposing off plastic waste in order to protect both
human and environmental health [34].
A majority of the countries on the continent of Africa are developing nations [26]. Despite this, some African
countries have implemented measures to dispose of plastic waste [7]. The Western Cape of South Africa is
where the vast majority of marine wastes are collected. The South African Government has focused on
strategies for disposing off plastic waste, using strategies such as recycling, where a majority of businesses
now recycle mixed plastics from the Cape [36]. Other African nations have enacted plastic bag bans or levied
taxes on them with the first country being Mauritania [36]. Currently, several other African nations, including
Senegal, Côte d'Ivoire, Mali, Ghana, Kenya, Ethiopia, Malawi, Mauritius, Zanzibar (Tanzania), and Uganda,
have enacted similar restrictions [36]. South Africa and Cameroon both have tax systems in place [13]. Other
countries have used their own approaches such as Nigeria, where “Wecyclers” and Recycle Points have
teamed up with the Lagos Waste Management Authority (LWMA) to collect recyclable waste products
directly from customers, providing much-needed collecting and sorting services [13]; [35]. In addition to
giving Lagos citizens jobs and the chance to turn their waste into value, these projects also allow for the sale
of sorted waste to larger recycling facilities [35]. In 1997, 14 Senegalese women who collected and processed
plastic waste formed the business Proplast. The business now has 100 female employees and processes 1500
metric tons of plastic annually into granulated plastic that is sold to nearby plastic processing businesses [29].
African countries have showed initiatives in plastic waste management through recycling as seen in previous
studies [13]; [36], however, there is a need to act fast and reduce plastic garbage before improper
management starts; this may help reduce some diseases and prevent flooding. Additionally, resolving the
challenge of plastic waste provides an opportunity for policy reforms at the national, sub-regional, and
continental levels [13].
Plastic waste disposal in Sub-Saharan Africa and East Africa is characterized by large amounts of plastic
waste left lying around in public areas and dumped illegally, thereby clogging sewers and drainage systems
[25]. The norm in a majority of urban centres in East African countries are the importers and producers of
plastics guaranteeing the continual flow of plastic goods into African urban economies [25]. Because waste
collection and recovery procedures are ineffective, considerable portions of these products wind up in the
environment with some of the plastic garbage being collected by municipal and occasionally private solid
waste collection services, who then dispose of it in landfills or illegal dumps, while the remainder ends up as
litter [22]. According to research, about 79% of the plastic packaging used in Uganda is discarded in landfills
or the environment, 12% is burned, and only 9% is recycled, [33]. Initiatives have been established in SubSaharan Africa to handle solid waste, such as Sole Rebels in Ethiopia, which makes fashionable fair-trade
shoes using recycled tyres and traditional Ethiopian hand-loom processes while paying its workers four times
the local minimum wage [33]. Despite the fact that this effort was created to promote recycling of plastic
waste, more work must be done to have a more significant influence on the regions [7]; [11]; [17].
In 2017, Kenya implemented a plastic ban, which was a significant move for the nation; however, there is a
recurring issue with how to manage plastic waste [27]. Garbage disposed of before the moratorium is still
present in landfills like Dandora Dump Cite, which pollutes the air, water, and reduces the scenic value of the
area [19]. A number of initiatives, like Taka Taka Solutions, have been launched to try and mitigate the
negative impacts of the nation's inadequate plastic trash disposal. Based in Nairobi, Kenya, Taka Taka
Solutions handles post-consumer garbage by requesting customers to segregate waste into organic and
inorganic fractions for collection. The project offers this much-needed service to both residential and
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commercial customers and directly gathers recyclable garbage from consumers [31]. Other initiatives, such as
Ocean Sole, which rescues over 400,000 plastic flip flops from landfills, rivers, and the ocean, have been
established in Kenya. These are transformed into artwork as part of a global awareness campaign about the
importance of a clean ocean to both people and marine life [24]. Despite the creation of organizations and
initiatives, the issue of appropriately disposing of plastic waste continues to be a concern for the environment
[27]. This article attempts to evaluate Kenya's plastic waste disposal situation in order to determine the
advancements that have been made in the country's plastic recycling industry since 2017. In order to provide
policymakers with the information they need to develop and implement effective plastic waste management
plans, the study also examined the sustainability of the recycling sector as it exists today, as well as the
industry's difficulties and future prospects.

2.

MATERIALS AND METHODS

In-depth reviews of the published literature and other sources were used to gather the data for this study data
analysis through content was done on reports, studies and publications on plastic waste management in
Kenya.

3.

RESULTS AND DISCUSSION

3.1 Current Status of Plastic Wastes Disposal in Kenya
In Kenya, the municipal authorities have been tasked with managing waste over the years. However, a
majority of municipal governments gave little priority to creating effective waste management systems and
were only provided with limited resources for their operation. As a result, the city councils face some
challenges since they lacked the administrative and technical capacity to handle plastic waste. Due to this,
plastic waste management is currently in a bad state, with widespread indiscriminate dumping, uncollected
garbage, and a lack of waste segregation [20]. Massive plastic bag production by industries and supermarkets
typically overwhelms the nation's already inadequate management system [31]. Solid waste regulations are
also not always strictly enforced and poorly carried out. The most crucial thing in plastic waste disposal is
that there is appropriate infrastructure for garbage transportation, treatment, and disposal. However, the
institutional waste management capacity is quite poor thereby inhibiting proper plastic handling.
Plastic waste is typically transported utilizing open trucks, hand carts, donkey carts, and other vehicles. These
subpar modes of transportation have encouraged littering, which has made waste—particularly plastics in the
environment—unattractive [10]. Some county governments adopted the proper transportation trucks as
required by the Waste Management Regulations in order to address this issue [10]. County governments have
also contracted with private public partnerships to outsource trash transportation. As an example, the City
Council of Kisumu is managing the city's plastic and solid waste in cooperation with private collectors and
entrepreneurs [28]. Private -public partnerships have also been set up where permits are issued by the City’s
Department of Environment to allow the collectors to offer door to door collection [28].
The spatial coverage of solid waste management, including plastics, had piqued the curiosity of a number of
Non-Governmental Organizations (NGOs), Community-Based Organizations (CBOs), Community-Managed
Organizations (CMOs), and neighbourhood associations in the country [32]. These organizations frequently
serve as the sole garbage management programs and organize neighbourhood clean-ups in low-income
neighbourhoods. In the recent past, the national government cleaned up low-income residential
neighbourhoods in the City through National Youth Service (NYS) programs [28]. Some CBOs and NGOs
turn garbage into items that can be sold. These include, but are not limited to, handbags made of polyethylene
and VCR tapes, paper necklaces, and beer earrings plastic caps and matting [28]. This helps address the issue
of plastic waste while also generating revenue for individuals involved [31]. Initiatives that aim to enhance
the disposal of plastic garbage have emerged and assumed these roles across the nation, despite the problem
of the municipal council having difficulties due to insufficient finances.

3.2 Sustainability of Plastic Waste Recycling Industries in Kenya
The sustainability of the methods of plastic waste management in the country has been struck by a few
challenges that are constraints in the industry making the methods unsustainable. The country faces the issue
of flooding of plastics into the country through manufacturing and imports {27]. Around 24 million plastic
bags are used monthly in Kenya, and half of them are dumped in open spaces, according to a survey from
2014. This makes the issue of plastic bags one of the most pressing problems with waste management in
Kenya [1]. According to [1], plastic garbage made almost 20% of all the solid waste produced in Kenya in
2020. According to estimates, Mombasa, which is Kenya's largest coastal city, dumps 2.4 kg of plastic waste
per person each year to the waterways contributing to microplastics in the Indian Ocean [1]. Due to irregular
collection, poorly maintained collection trucks, and inadequate coverage of plastic waste services, the growth
in the generation and importation of plastic trash places a limitation on the collection of plastic waste [6].
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There are inadequate waste collection and disposal systems in the majority of Kenyan towns and cities. An
estimated 45% of the garbage produced, collected, and disposed of in Nakuru, a major town in Kenya, 18% is
recovered for reuse and recycling, while the remaining Is disposed of to the environment and the ocean
contributing to the formation of microplastics [20]. A majority of the transportation trucks are inappropriate
for use since they tend to also litter while collecting plastic wastes. Additionally, open dumping and
inappropriate sitting of dumpsites has negatively influenced the ability of plastic wastes to be properly done.
Recycling and reusing of plastic wastes is challenged by inadequate technology and lack of segregation of
solid waste [20].
However, the nation has made progress since the ban on single-use plastic in 2017, when the environment
ministry and the private sector developed a framework for the production of plastic products to reduce the
overproduction of plastic packaging and enhance the quality of materials used in these products [2]. The main
objective was turning waste from a burden to an economic opportunity that attracts more investors and
creates more job possibilities is one of the main goals for the waste industry [1]. This sparked the creation of
multiple initiatives, NGOs, and CBOs that have improved the lives of young people by giving them a means
of earning money through the reuse or recycling of plastic products (Sibanda et al., 2017). Despite this, the
waste sector needs more organization, investment, and effort to accomplish the planned objectives on
sustainable plastic waste management.

3.3 Challenges and Opportunities Facing the Plastic Recycling Industries in Kenya
From the literature reviewed, these are the challenges and opportunities facing plastic recycling industries in
Kenya:

•

•
•
•
•
•

Lack of proper disposal facilities: According to the Solid Waste Management Plan for Nairobi, the
city lacks proper disposal facilities, and around 80% of the nation's solid waste is made up of plastic
garbage. Every day, 850 tonnes of its trash are transported to the Dandora dumpsite, which is
known to be harmful to the health of thousands of Nairobi residents.
The usage of illegal disposal sites. A large portion of the waste in Nairobi ends up in an illegal
landfill, making it difficult to account for the 2/3 of the waste produced in the city.
Recycling of plastic wastes occurs at low rates. Over 2000 Nairobi residents make a career by
engaging in resource recovery, yet with less than 200 tons of recyclable material recovered daily,
they only make up around 7% of the city's waste stream.
The disapproval of plastic bag waste management. Stakeholders in Nairobi City have failed to
follow the recommendations on solid waste management, making plastic waste disposal
cumbersome in the city and as a country at large.
The incapacity of city councils to address the problem of plastic garbage. The City Council has
difficulties in addressing proper plastic management thereby making improper plastic bag waste
disposal a result of lenient regulations.
Weak legal enforcement, insufficient infrastructure for waste collection, transportation, and
disposal solid waste, a lack of public education and awareness, plastics are being produced,
consumed, and used inefficiently making plastic waste disposal a problem

Despite these challenges, there are opportunities for improving plastic waste management in the country
which includes but is not limited to:

•

•

4.

Devolution of responsibilities to the County Government. Since most counties lack enough
infrastructure, waste disposal in the country continues to be a serious problem and suitable disposal
sites. In an attempt to curb this problem, NEMA ordered all county governments to identify regions
of garbage to solve this matter disposal and carry out fundamental site management tasks, such as
fencing and staffing. County governments will be able to develop their own waste management
plans that are effective for each county depending on the resources available thanks to the
devolution of plastic waste management from the national government to counties.
Sensitization and creation of awareness on plastic wastes and pollution. There is little information
and awareness on the importance of a clean and healthy environment causing the public to behave
poorly toward trash management, which has caused pollution of the environment. Therefore, there
are poor household waste management practices, such as lack of segregation, reuse, reduction, and
recycling. The public would become more aware of the importance of properly disposing of plastic
garbage if they were made aware of the risks associated with improper plastic waste disposal.

CONCLUSIONS

In conclusion, micro plastics and plastic wastes are a significant problem in Kenya. The plastic recycling
industry encounters many difficulties due to inadequate resources, funding, legislation, and institutional
capacity. There is still potential for improvement, so it's important to involve the youth, NGOs, and private
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sectors in efforts to close the gap left by inadequate methods of disposing of plastic waste while also
providing them with a source of income. The importation and manufacturing of plastic wastes must be
restricted in order for Kenya to achieve its plastic waste management objectives and lessen the strain on the
already struggling plastic recycling sector. The study therefore recommends the following:

•

Consumers should receive education about the health risks caused by improper plastic waste
disposal by the city council and the ministry of environment.

•

The application of rigorous regulations and legislation, including import and production
restrictions, for the correct disposal of plastic waste.

•

Enhancing the collecting, sorting, and disposal of waste. Having recycling and reuse trash cans
makes rubbish separation easier.

•

The formation of well-regulated industries for recycling plastic trash should be encouraged by the
government in order to provide employment opportunities for those involved and lessen the
problem of plastic waste.
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Phthalates in PET Bottles: Assessment of
Human Exposure and Load to Landfills
Hatice Kübra Gül1, Güray Salihoğlu2, İsmail Ethem Gören3, Nebile Daglioglu3,
Perihan Kurt-Karakuş1
Abstract
Polyethylene terephthalate (PET) bottles have become an integral part of the packaged water industry,
but their release of phthalate acid esters (PAEs) is a threat to human health and to the environment. The
omnipresence of phthalates in the environmental compartments results in human exposure via multiple
pathways such as dermal, oral and inhalation for prolonged periods. This study aims to investigate the
phthalate presence in PET bottles and to assess the health risk of people working in landfills/recycling
facilities being exposed to these pollutants through dermal contact.
MBP(1604 ng g-1) was the most abundant compound detected in PET bottle samples, followed by MEP
(1056 ng g-1), DEP (413 ng g-1), MiPP (216 ng g-1), DnBP (189 ng g-1), BBP (23.2 ng g-1), MDHP (19.5
ng g-1), DMiP (16.8 ng g-1) and respectively. It is calculated that a total of 200.4, 131.96, 51.66, 23.66,
26.94, 2.443, 2.099 and 2.895 kg of MBP, MEP, DEP, DnBP, MiPP, MDHP, DMiP and BBP,
respectively are disposed to the landfills/waste disposal sites through waste PET bottles. Mean
concentration based dermal exposure estimated daily intake (EDI), target hazard quotient (THQ) and
hazard index (HI) values were calculated. THQ values were determined as 0.007, 0.031, 0.113 for BBP,
DEP and DnBP, respectively while HI (<1) indicated that the health risk was acceptable for all subjects.
However, it is strongly recommended that regular monitoring of phthalates in PET on market shelves
should be done to protect the health of consumers as well as to reduce pthalates loads to the
environmental compartments.
Keywords: PET bottle, phthalate, environmental load, health risk assessment

1. INTRODUCTION
It is known that the bottled water industry has been in a continuous growth trend in recent years [1]. The
general public perception is that bottled water is better than tap water for reasons such as taste, safety and
portability [2, 3]. Polyethylene terephthalate (PET) bottles are the most widely used materials for packaging
drinking water [4]. PET is a semi-crystalline polymer belonging to the family of polyesters [5]. It is
synthesized as a result of the reaction of ethylene glycol (C2H6O2) catalyzed by antimony oxide, with
terephthalic acid or its methyl ester [6]. The plastics industry generally claims that PET bottles are not a
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source of endocrine disruptors [7]. However, studies have shown that some plasticizer chemicals with
endocrine activity are found in water stored in PET bottles in varying proportions depending on storage
conditions [8]. Plasticizer; defined as “A substance incorporated into a plastic or elastomer to increase its
flexibility, machinability, or stretchability.” by ASTM [9] [10]. Briefly, plasticizer; It is an organic solvent
with a high boiling point that gives it flexibility when added to a solid.
Phthalates are a group of industrial chemicals with wide commercial use as plasticizers [11]. Plastic bottles
made of PVC or polyethylene are widely used in many countries to store drinking and tap water. PET bottles
are the most used because of their physical and chemical tolerance [12]. Although phthalates are not allowed
to be used in the manufacture of food contact materials as of 14 January 2011 by the European Commission's
regulation 10/2011, phthalates have been detected in PET materials and in water stored in PET bottles [13].
Possible reasons for this situation; The quality of the raw material and the technology used in bottle
production or the chemicals used in the production process, the use of recycled PET, the contamination of
water sources with plastic waste, cross-contamination by phthalates present in the environment during
bottling, and contamination from cap seals [4]. Phthalates can be divided into two groups according to their
molecular weight. Low molecular weight phthalates (ester side chain lengths 1-4 carbons); dimethyl phthalate
(DMP), diethyl phthalate (DEP) and di-n-butyl phthalate (DnBP) are commonly found in personal care
products (perfume, shampoo and nail polish) to balance color and odor. High molecular weight phthalates
(ester side chain lengths, five or more carbons); di-(2-ethylhexyl) phthalate (DEHP), di-octyl phthalate
(DOP), and di-isononyl phthalate (DINP) are used in plastic pipes, food packaging and processing materials,
and many PVC products [14]. Phthalates are generally lipophilic, which affects their percolation and
diffusion properties [15]. Phthalates used as plasticizers in polymers are not chemically bound to the
polymers. For this reason, they have the potential to pollute the environment by easily migrating from
polymers or separating as gas. Humans are also exposed to high concentrations of these compounds,
especially when products containing phthalates are exposed to high temperatures [11, 16]. Phthalates are not
covalently bonded in the plastic matrix. Because; they migrate to food and other materials or become airborne
[17]. The leaching of traces of phthalate esters (PAEs) from PET bottles and their effects on human health has
become a serious concern. Phthalates have been detected in the atmosphere [18], aquatic environments [19,
20], and food and beverages [21] [6]. These compounds, which are called Endocrine-Disrupting Chemicals
(EDCs) due to their hormonal activity, pose a serious danger to health.
The United States Environmental Protection Agency (USEPA) has added phthalate esters to the list of
"chemicals of concern" due to the health risks it poses [22]. DEHP, DBP, BBP, DIBP, DINP, DIDP, DNOP
have been classified as carcinogenic, mutagenic or toxic to reproduction (CMR) of category 1B by the
European Chemical Agency (ECHA). This classification is made between 4 and 1, and 1 is considered as the
most dangerous group. Considering this situation, legal regulations are made in food contact materials [23].
According to the regulation numbered 10/2011 accepted by the European Union (EU) Commission, the limit
values of DEHP, BBP and DBP concentrations allowed in food contact packaging material were determined
as 1.5, 30 and 0.3 mg/kg, respectively [24]. In our country, the use of phthalate esters in food contact
packaging material is limited by the Turkish Food Codex [25]. The Turkish Food Codex complies with the
European Union (EU) legal regulations.
Although there are very limited studies [26-28] in Turkey on the level of phthalate in packaged drinking
water, which we use a lot in our daily lives, the level in PET bottles has not been examined yet. Phthalate
levels in PET bottles have also been limitedly studied worldwide [13]. Since phthalates used as plasticizers in
PET products do not form covalent bonds with polymers, they can be separated from the structure of the
plastic and released into the environment. To investigate the presence of this effect, PET bottles of 16
different bottled water companies sold currently in supermarkets in Bursa province were analyzed and
phthalate concentrations (25 different PAEs) were determined. In this manner, the main goals of this study
were: (1) to determine levels of phthalates (Bis(2-ethylhexyl) phthalate (DEHP), Diallyl phthalate (DALP),
Diamyl phthalate (DAMP), Dicyclohexyl phthalate (DCHP), Diethyl phthalate (DEP), Dihexyl
phthalate(DHP), Diisohexyl phthalate(DiHP), Diisopentyl phthalate (DiPP), Dimethyl isophthalate (DMiP),
Dimethyl phthalate (DMP), Di-n-butyl phthalate (DnBP), Diphenyl phthalate (DPP), Isobutyl Cyclohexyl
Phthalate (iBCHP), Monoisopropyl phthalate (MiPP), Mono-2-heptyl phthalate (MDHP), Monobenzyl
phthalate (MBEP), Monobutyl phthalate (MBP), Monocyclohexyl phthalate (MCHP), Monoethyl phthalate
(MEP), Monoethylhexyl phthalate (MEHP), Monohexyl Phthalate (MHP), Monoisononyl phthalate (MiNP),
Monomethyl Phthalate (MMP), Mono-n-pentyl phthalate (MnPP) and Monooctyl phthalate (MOP)) in PET
bottle samples collected in supermarkets in Bursa (Turkey), (2) to determine phthalate uptake rates for people
working in landfill areas via dermal contact to the PET bottles; (3) to estimate the annual amount of
phthalates released to landfills.
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2. MATERIALS and METHODS
2.1. Collection of Samples
A total of 16 PET bottles were purchased from various markets in Bursa (Turkey). Information including
bottle weight and bottle dimensions of the analyzed PET bottles were recorded.

2.2. Chemical Reagents
The compounds of DEHP, DALP, DAMP, DCHP, DEP, DHP, DiHP, DiPP, DMiP, DMP, DnBP, DPP,
iBCHP, MiPP, MDHP, MBEP, MBP, MCHP, MEP, MEHP, MHP, MiNP, MMP, MnPP and MOP were
purchased from Accustandard (New haven, CT, USA). High purity organic solvents were of HPLC grade
while solid chemicals were ACS grade.

2.3. Measurement of phthalates in PET Bottle samples
PET bottle samples taken from the markets were emptied, rinsed with ultrapure water and dried. Bottles were
cut into 0.5 cm circles, followed by analysis of PAEs contents according to the National Standard Methods
for the Analysis of PAEs (GB/T21928-2008, China). Briefly, 0.3 gr PET bottle piece was treated 20 ml of
hexane, 5 ml of acetone and recovery solutions (d4- dimethyl phthalate (DMP-d4), d4- diethyl phthalate(DEPd4), d4- dicyclohexyl phthalate (DCHP-d4), d4- bis(2-ethylhexyl) phthalate (DEHP-d4) and d16- bisphenol A
(BPA-d16) under ultrasonic extraction for 30 min. After filtration, this process was repeated on residual plastic
two more times with 5 ml of hexane (HEX) and 1 ml of acetone (ACE). The three batches of aliquots were
pooled, transferred to a glass bottle, and dried by rotary evaporation. The dried sample was transferred to the
GC vial and dissolved in 1 ml of methanol (MeOH):ACE (1:1) for PAE analysis and internal standard (d4isobutyl phthalate) was added.

2.4. Instrumental Analysis
Analysis of targeted chemicals were performed using a Shimadzu 8040 triple quadrupole LC-MS/MS system
and separation was achieved on a Shim-pack FC-ODS (150 x 2 mm, Shimadzu, Kyoto/Japan) column.
Mobile phase was composed of 10 mM ammonium acetate in water (A) and Acetonitrile (B). The solvent
gradient was as follows: 0.0–1.0 min; 80% of solvent B, 1.0–2 min; a linear gradient to 95% of solvent A;
2.0-4.0 min 95% solvent B; 4.0-4.01 min gradient to 50% solvent B; 5.0 min stop. Injection volume was 10
µL and the column flow rate and oven temperature were set 0.3 mL/min and 40 ℃, respectively. The
capillary voltage was kept with 4.0 kV, and vaporizer temperature was 350 ℃.

2.5. Statistical Data Analysis

SPSS Statistics 26 (IBM) was used for statistical analyses. Data were expressed as mean ± standard deviation
(SD) and SD was greater than 20% of the mean value across all data. A standard deviation that is very close
to or higher than the mean indicates a highly heterogeneous distribution of the data.

2.6. Health Risk Assessment
Eq. (1) and (2) were used to calculate the dermal contact exposure assessment of the people working there
with the disposal of PET bottles to landfills. Estimated daily intake by dermal contact (EDI): Estimated daily
intake of phthalates (mg/kg/day BW) by dermal contact with PET bottles was calculated using the Eq. (1)[29,
30]:
EDI = '!"!#$ x SA x P x ED/BW

(1)

where EDI is the dermal exposure dose (mg (kg d) ); Ctotal is total phthalate concentration (mg/kg); ED is
exposure duration (9 h d-1), which was determined by daily working hours per individual including break
times; SA is the dermal exposure area (0.08 m2), including the area of hands [29, 30]. P is the overall skin
permeability coefficient for pollutants (5.8 m h-1)[31]; BW is body weight (70 kg) [32].
-1

Target Hazard Coefficient (THQ): Used to calculate the non-carcinogenic risk of exposure to heavy metals.
The hazard ratio of a single pollutant is determined by the Eq. (2)[33]:
/01 =

%&'

()&

(2)

where, THQ is the target hazard coefficient, EDI is exposure dose (mg/kg/day), RFD is oral reference dose
(0.2 mg/kg/day for BBP, 0.8 mg/kg/day for DEP, 0.1 mg/kg/day for DnBP)[33].
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3. RESULTS AND DISCUSSION
3.1. Phthalate Concentration in PET Bottle Samples

Concentration (ng g-1)

Mean and median concentrations of phthalates detected in PET bottles are shown in Figure 1 and descriptive
statistics of phthalates were summarized in Table 1. MBP showed the highest concentration with a mean
concentration of 1604±1238 ng g-1, whereas the lowest concentration was measured for DMiP (16.8±21.0 ng
g-1) (Fig. 1). The mean concentrations of the phthalates were found in the order MBP(1604±1238 ng g-1)
>MEP (1056±1749 ng g-1) >DEP (413±510 ng g-1) >MiPP (216±231 ng g-1>DnBP (189±156 ng g-1) >BBP
(23.2±7.15 ng g-1) >MDHP (19.5±21.5 ng g-1) >DMiP (16.8±21.0 ng g-1) (Table 1). Other phthalates were not
present in analysed samples. In a study conducted in Beijing/ China, concentration levels in PET bottles were
22.88-182.43 ng g-1 for DEP, 9.07-188.58 ng g-1 for DMP, and 62.90-511.52 ng g-1 for DBP [13]. However,
BBP, di-n-octyl phthalate (DOP) and DEHP were not detected [13]. These results were different from our
study for PET bottles, in which only DEP was detected at concentrations ranging from 114 to 2108 ng g-1. A
considerable variation in the concentrations of phthalates, especially MBP, MEP found in various PET bottle
samples can be inferred from the standard deviations in Figure 1. According to Turkish Food Codex, the limit
values of DEP, DBP, BBP, DEHP, DiDP and DiNP concentrations allowed in food contact packaging
material were determined as 12, 0.3, 30, 1.5, 9 and 9 mg/kg, respectively [25]. In this study, only DEP and
BBP were found in the analyzed samples and they did not exceed the limit values.

Figure 1. Phthalate levels measured in the PET bottle samples (The top and bottom ends of the box represents the 75th and
25th percentiles of the data set, respectively. The extensions (“whiskers”) at either end of the box indicate the maximum
and minimum values. The median concentrations are indicated by the horizontal line in the boxes)

Table 1. Descriptive statistics
BBP

DEP

DMiP

DnBP

MiPP

MDHP

MBP

MEP

Mean

23.2

413

16.8

189

216

19.5

1604

1056

Median

22.5

217

10.6

181

142

10.9

1161

507

Std. Deviation

7.15

510

21.0

156

231

21.5

1238

1749

Skewness

0.662

2.82

2.45

0.776

2.66

2.46

0.946

3.68

Std. Error of Skewness

0.564

0.564

0.564

0.580

0.564

0.597

0.564

0.564

Kurtosis

0.591

8.63

6.05

0.041

7.76

5.77

-0.033

14.16

Std. Error of Kurtosis

1.09

1.09

1.09

1.12

1.09

1.15

1.09

1.09

Minimum

12.1

114

0.00

19.9

59.8

6.56

180

119

Maximum

39.9

2108

81.3

542

967

82.3

4336

7454
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3.2. The Amount of Phthalates Disposed to the Landfills/Waste Disposal Sites
Reports states that 165000 tons of PET bottles are produced annually in Turkey. However, only 40000 tons of
this is subjected to recycling. Consequently, it is estimated that approx. 125000 tons of PET bottles are
thrown into nature and landfills every year[34]. Based on the concentrations we detected in PET samples, it is
calculated that a total of 200.4, 131.96, 51.66, 23.66, 26.94, 2,443, 2.099 and 2.895 kg for MBP, MEP, DEP,
DnBP, MiPP, MDHP, DMiP and BBP, respectively are disposed to the landfills. The annual amount of
phthalates disposed to the landfills/waste disposal sites is presented in Fig. 2.

23,66

26,94

2,099
2,443
2,895

MBP
MEP
DEP

51,66

DnBP

200,4

MiPP
MDHP
DMiP

131,96

BBP

Figure 2. The annual amount of phthalates disposed to the landfills

3.3. Risk Assessment
Health risk assessment of PAEs for people working in recycling facilities and landfill areas shown in Table 2.
The mean concentrations of pthalates in PET bottles were used to calculate the estimated daily intake (DE),
target hazard quotient (THQ) and hazard index (HI) associated with dermal exposure of waste recycling
industry workers to these chemicals. THQ values were determined as 0.007, 0.031, 0.113 for BBP, DEP and
DnBP, respectively. HI (0,161) indicated that the health risk was acceptable for all subjects (HI <1), but
regular monitoring of phthalates in PET on market shelves should be done to protect the health of consumers
as well as to reduce pthalates loads to the environmental compartments.
Table 2. Health risk assessment of PAEs for people working in recycling facilities and landfill areas

BBP

DEP

DnBP

DMiP

MiPP

MDHP

MBP

MEP

DE (mg (kg day)-1)

0.001

0.025

0.011

0.001

0.013

0.001

0.096

0.063

THQ

0.007

0.031

0.113

nc

nc

nc

nc

nc

nc: not calculated as RFD values is not available in the literature

4. CONCLUSION
PAEs including BBP, DEP, DMiP, DnBP, MiPP, MDHP, MBP and MEP were detected in PET bottles.
Research has shown that plastic bottles are a source of PAEs in landfills and more stringent measurements are
needed to reduce the potential health risk of PAEs in PET bottles. Importantly, the release of PAEs from PET
bottles into the environment could be delayed by taking various precautions (avoiding high temperatures,
long storage time and UV radiation) during storage. As expected, the concentrations of PAEs in PET bottles
were negligible for consumers. Of course, more research is needed to assess the potential risk to human health
due to direct and indirect human exposure via different pathways, including water, food and air.
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Treatment of Leachate by Using Black Soldier
Fly Larvae: Effect of Organic Content Load
and Concentration
Valentina Grossule1, Raffaello Cossu, Maria Cristina Lavagnolo
Abstract
The use of Black Soldier Fly (BSF) larvae has been recently studied as a promising biological treatment
process for high organic content wastewater, such as sewage from food processing, leachate from
municipal solid waste landfill. The present study was aimed at achieving a better understanding of how
the organic content load and concentration might influence the treatment performance. Larvae were fed
with three artificial leachates characterized by different organic content concentrations, defined as low,
medium and high concentrations in terms of TOC (Total Organic Carbon), COD (Chemical Oxygen
Demand), BOD (Biochemical Oxygen Demand), VFA (Volatile Fatty Acids) and Organic Nitrogen
(Norg). Each leachate typology was tested at four different loads, by feeding with the same volume 20, 40,
80 and 160 larvae. Leachate treatment performance was assessed by monitoring both larvae growth (in
terms of weight variation, mortality and prepupation), and leachate quality variation. Larvae starvation
was observed in all tests when TOC concentrations reduced approx. below 1000mgC/L, suggested as
limiting concentration value for BSF larvae process. The organic content concentration had a greater
effect on larval growth as organic content load increased over 10mgC/larva, resulting in significant
differences among leachate typologies in terms of maximum wet weight, prepupation and mortality.
Conversely, a linear relationship was determined between the specific daily substrate consumption values
(vS, mgC/larva/day) and the organic substrate loads, regardless the substrate concentration, and it can be
used as a larvae treatment process design parameter.
Keywords: hermetia illucens, wastewater, resource recovery, organic load, biological treatment, leachate

1. INTRODUCTION
The biological treatment process based on the use of Black Soldier Fly (BSF) larvae proved to be a highly
promising technique for the treatment of high organic content (HOC) wastewater, removing efficiently the
organic substances and converting them into a valuable protein and fat-rich biomass suitable for resource
recovery.
The process has been recently tested for MSW landfill leachate with encouraging results obtained after proper
setting of the reactor system (providing efficient physical support for the larvae mobility) and control of the
leachate quality in order to better analyse the different process variables [1] [2] [3].
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In line with the previous studies, the advantages of the BSF treatment process compared to the conventional
activated sludge are the following:
•
Higher organic removal efficiency, achieving up to 3-fold higher specific substrate consumption
rate (mgCOD/mgVS/d).
•
Avoidance of activated sludge production, and production of high valuable biomass, suitable either
for direct use as animal food (i.a.[4]) or for production of biorefinery products, such as proteins and lipids
(i.a. [5]), biodiesel (i.a. [6]), lubricants (i.a. [7]), chitin and chitosan [8], antimicrobial peptides [9].
On the other hand, BSF treatment process might be affected by some constraints, such as the quality of the
organic content as well as the organics load and concentration.
[10] investigated how biodegradability and degree of oxidation of organic content influence treatment
performance, suggesting that the higher the BOD5/TOC ratio in the feeding substrate values (higher
biodegradability and lower oxidation degree), the greater the process performance. The influence of the
organics load and concentration on the treatment process remain to be clarified.
The present study aims at better understanding how the organic content load and concentration might
influence the treatment performance. Three different artificial leachates were used, purposely prepared in
order to have different organic content concentrations, defined as low, medium and high concentrations, in
terms of TOC, COD, BOD, VFA and Organic Nitrogen. Each leachate was tested at four different loads, by
feeding with the same volume 20, 40, 80 and 160 larvae. Leachate treatment performance was assessed by
monitoring both larvae growth (in terms of weight variation, mortality and prepupation), and leachate quality
variation.

2. MATERIALS AND METHODS
2.1. Research program
The experiment was performed accommodating in batch reactors young BSF larvae (10-day-old, 28 mg as
average wet weight per larva, SE 0.62). Larvae were physically supported by a patented plastic granular bed,
which was fully saturated by leachate [1][10].
Three artificial leachates were prepared as an aqueous solution of chemicals, varying the preparation recipes
[1] in order to obtain different organic content concentrations, defined as low (L), medium (M) and high (H).
Each leachate was tested at four different loads, by feeding with the same volume 20, 40, 80 and 160 larvae.
Each test was conducted in triplicate.
A graphical description of the experimental set up is provided in Figure 1.

Figure 1. Graphical description of the experimental set up.
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2.2. Tested leachates quality and loads

The analytical composition of the tested leachates is provided in Table 1. All organic parameters
concentration increased from L to M and H leachate with a ratio approx. 1:2:4, with the only exception of
ammonia (approx. 1:2:2), being unlikely higher ammonia concentration in MSW landfill leachate [12].
In Table 1 further to the ratios BOD/COD (Biodegradability) and TOC/COD (Oxidation degree), the
BOD/TOC ratio is reported as a biotreatment index as suggested by [10]: the higher the value, the higher the
concentration of BOD and the lower the Oxidation degree of the Organic Content in the leachate. The
BOD/COD, TOC/COD and BOD/TOC values were similar in all tested leachate, in order to keep same
quality of the organics, and comparable with those tested in [10]. M leachate displayed similar composition to
the artificial synthetic leachate tested in [10].
TOC concentrations and TOC loads applied in each test are illustrated in Figure 2.

2.3. Equipment and growth conditions
Each testing reactor was made of a plastic box (13.5cm x 13.5cm x 5.5cm), containing granular plastic
material (VALOX®, 2-3 mm diameter) completely saturated with leachate. The granular material allowed to
larvae free movement in the liquid substrate to meet their needs (feeding and breathing) [1][10].
Each box was covered by a permeable non-woven fabric (to avoid oviposition by other flies) and by a
perforated plastic lid (to allow air recirculation). All tests were carried out in a thermal insulated room under
the same environmental conditions suggested by [2]: temperature range 25-30 °C; photoperiod Light/Dark of
18/6h.
All reactors were filled at the beginning of the test with 150 mL of leachate.

2.4. Monitoring
Twice a week, leachate volume was measured and 5 mL leachate samples were collected and analysed for
TOC and VFA concentration; larvae were sampled individually weighed and returned to the box. Prepupae,
recognised by the darkening of their colour, were removed. At the end of the experiment, when all tests
displayed a decrease of the larvae wet weight, residual leachate was extracted and measured for all
parameters listed in Table 1.
The development of larvae and substrate consumption were monitored by measuring the following
parameters: variation of average larval wet weight and TOC concentration, larvae mortality, prepupation
(percentage of prepupae formed throughout mean larval development time), the conversion efficiency of
substrate into new biomass, specific daily substrate consumption and overall organics removal efficiency.
Table 1. Quality data of tested leachates.
Parameters
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Leachate typologies
L

M

H

pH

8.4

8.2

8.0

TOC (mgC/L)

1952

3650

6940

COD (mgO2/L)

6620

13000

27000

BOD5 (mgO2/L)

2791

5045

9785

VFA (as CH3COOH) (mg/L)

521

1241

1965

N – Organic (mg/L)

148

235

693

N-NH4 (mg/L)

1700

3445

3402

N-TKN (mg/L)

1848

3680

4095

BOD5/COD

0.42

0.39

0.36

TOC/COD

0.29

0.28

0.26

BOD5/TOC

1.43

1.38

1.41
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Figure 2. TOC concentrations and TOC loads tested, resulting from the combination of different leachate typology (L=low, M=medium-, H=high-organic content concentration) and larval densities (20, 40, 80, 160 larvae).

The conversion efficiency of substrate into new biomass by anabolic processes is expressed by the yield (Y),
expressed as mg larvae/mgTOC consumed. Y values were calculated weekly during the growth phase
(before weight decreasing phase) as follow:
!=

∆"

∆#$%

&''()* ),-.,' /-0&12 &'3/21 (5/)

=

&''()* 78971-,1' :0;785<130; (5/#$%)

=

"! (1?1! )

Eq. 1

The specific daily substrate consumption ($= ), introduced as a simple design parameter by [7], was calculated
in terms of TOC according to the following equation (Eq. 2):
>=

$= = "

! >1

=! ?=

Eq. 2

where :
S0, S = substrate mass at the beginning and at the end of the monitoring period, measured as TOC
S0-S= removed Substrate (mg TOC)
&@ = initial number of larvae or initial larvae wet weight (number of larvae or mg) at time t0=0

t= monitoring time (days)

2.5. Analytical methods
Leachates were analysed for the following parameters (Table 1): pH, TOC, COD, BOD5, VFA, Ammonia
nitrogen (N-NH4) and Total Kjeldahl Nitrogen (N-TKN), Norg.
TOC was determined using a TOC–VCSN Shimadzu Analyzer, COD and BOD were determined according to
the standard Italian method IRSA-CNR (29/2003 vol. 2 n. 5130; 29/2003 vol. 2 n. 5120 B2). VFA were
analysed by acid titration between pH 5 and 4.4. Ammonia nitrogen was measured with a distillation-titration
procedure and TKN was measured through a distillation-titration procedure after an acid digestion phase.
Norg was calculated as difference between TKN and N-NH4.
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3. RESULTS AND DISCUSSION
3.1. Variation of larval wet weight and substrate concentration
Figure 4 illustrates the variation of average larval wet weight (w/w) and substrate concentration (measured as
TOC) under different leachate feeding typologies and larvae density. In general, larval growth and TOC
variation was greater and occurred faster as the organic content concentrations in leachates increased (from L
to M and H leachate) and as the number of larvae decreased (increased organic content loads), particularly in
M and H tests. At the end of the experiment, all tests displayed a decrease of the larvae wet weight, to be
ascribed to two possible phenomena: starvation or beginning of prepupation.
In L tests, larvae growth and TOC variation followed a similar pattern regardless the larval density (organic
load): being the substrate concentration in L leachate very low, larvae starved under all feeding loads. Larvae
reached the maximum weight at day 7 of approx. 39 ± 1.2 mg (w/w) and start loosing weight from day 17.
Consistently, TOC concentration significantly decreased during the first 7 days below 1000mgC/L, while
increasing from the 17th day, when larvae stopped feeding and evaporation still occurred.
In M and H tests, organic loads significantly influenced larvae growth and substrate consumption. In M tests,
maximum weight occurred at days 16, 12 and 7 respectively in tests M20, M40 and both M80, M160. In H
tests, larvae growth stopped at day 16, both in H20 and H40, and at days 12 and 7 respectively in tests H80
and H160. In all tests, larvae started decreasing in weight due to starvation when TOC concentrations were
approx. below 1000mgC/L. The only exception was H20 and H40 tests, where larvae started decreasing in
weight due to the beginning of prepupation.

3.2. Effect of organic content load and concentration on larval growth
The relationship between growth performance and substrate concentration and loads are illustrated in Figure
4a-c. In general, organic content concentration had a greater effect on larval growth as the substrate load
increased, affecting maximum larvae wet weight, mortality (% of dead larvae over the initial total number of
larvae) and prepupation, (Figure 5a-c). TOC loads below 10 mgC/larva (L40, L160, L80, M80, M160, H160)
resulted in lower max larval wet weight (between 35-45 mg/larva), lower prepupation percentages (between 0
and 2%), and higher mortality percentages (between 2,5-7%), regardless the substrate concentration.
Conversely, higher the substrate loads, higher the influence of the substrate concentration: under TOC loads
higher than 10 mgC/larva, significant differences in max larval wet weight occurred among the leachate
typologies as TOC loads increased (Figure 4a). In L20, M40 and H80 tests, characterised by similar TOC
loads

L40

60
50
40
30
20

0

5

10

Time (d)

338

L80

70

L160 80

15

20

M20

M40

M80

70
60
50
40
30
20

0

5

10

Time (d)

15

M160

Average larval wet weight
(mg/larva)

L20

Average larval wet weight
(mg/larva)

Average larval wet weight
(mg/larva)

80

20

H20

80

H40

H80

H160

70
60
50
40
30
20

0

5

10

Time (d)

15

20

EurAsia Waste
Management
24-26 October 2022, İstanbul/Türkiye
L20
L40
L80 Symposium,
L160
M40

M80

M160

7000

6000

6000

6000

5000

5000

5000

4000
3000

TOC
(mgC/L)

7000

TOC
(mgC/L)

TOC (mgC/L)

M20

7000

4000
3000

2000

1000

1000

1000

5

10

15

0

20

0
0

5

10

15

0

20

5

H160

10

15

20

Time (d)

Time (d)

Time (d)

H80

3000

2000

0

H40

4000

2000

0

H20

Figure 3. Variation of average larval wet weight (w/w) and substrate concentration (measured as TOC) under different
leachate feeding typologies (L=low-, M=medium-, H=high-organic content concentration) and larval densities (20, 40, 80,
160 larvae).
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Figure 4. Relationship between growth performance (in terms of maximum larval wet weight, prepupation, mortality and
yield values) and substrate concentration and loads. (L=low-, M=medium-, H=high-organic content concentration; 20, 40,
80, 160 = number of larvae).

varying between 13-14.5 mgC/L, max larval wet weight was respectively 38.3 ±1.5 mg/larva, 46 ± 2.4
mg/larva, 52.6 ± 1.9 mg/larva. In M20 and H40, at higher and similar loads (27.4 and 26 mgC/larva
respectively), the difference in larval weight is even more evident, being respectively 53.9 ± 1.9 mg/larva and
67.9 ± 1.5 mg/larva (Figure 4a).
Prepupation increased as the substrate loads increased only in H tests, at high substrate concentration (Figure
4b), achieving prepupation values of approx. 17% in H20. Consistently, mortality reduced as the substrate
loads increased only in M and H tests, reducing from mortality values in the range 3-7% to 0%.
Yield values were calculated for the growth phase, until the achievement of max wet weight (Figure 4d). In
general, yields values decreased as substrate loads increased, suggesting that under food shortages, most of
the available food is used for anabolic processes and converted into new biomass, while under high food

339

Treatment of Leachate by using Black Soldier Fly Larvae: Effect of Organic Content Load and Concentration
Valentina Grossule, Raffaello Cossu, Maria Cristina Lavagnolo
availability, food is also consumed for catabolic production of bioenergy. The variation of the yield values
with the substrate loads was significantly influenced by the organic content concentration. Particularly, the
decreasing of the yields values as substrate loads increased was more evident under low substrate
concentration.

3.3. Effect of organic content load and concentration on substrate consumption
The specific daily substrate consumption values (vS) were calculated in terms of TOC according to Eq. 2 for
the larval growth phase (till the achievement of max wet weight) and illustrated in Figure 5a. Conversely to
the larval growth performance (Figure 4), substrate consumption was not influenced by the organic substrate
concentration. vS values linearly increased as the organic substrate loads increased for each leachate typology
and regardless the substrate concentration (Figure 5a, Table 2).
The vS value obtained in test M20, is in line with the result obtained by Grossule et al. (2022) under same
larvae density and leachate quality conditions (approx. 2mgC/larva/d as average in test H-S).
The linear relationship between vS and loads was characterised by an intercept value of approx. 0.37
mgC/larva/d and by a slope value of approx. 0.04.

L20
L40
L80
L160
M20
M40
M80
M160
H20
H40
H80
H160

vs (mgC/larva/day)
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0

5

10

15

20

25

30

35

40
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50

55

TOC load (mgC/larva)

4. CONCLUSIONS

Figure 5. Specific daily substrate consumption values (!! ).

The effect of the organic content load and concentration on leachate treatment performance by using BSF
larvae was investigated by monitoring both larvae growth (in terms of weight variation, mortality and
prepupation), and leachate quality variation. Based on the results obtained, the following conclusions to be
drawn:

340

•

Larval growth and TOC (mgC/L) variation was greater and occurred faster as the organic content
load and concentrations in leachates increased.

•

Larvae starvation was observed in all tests when TOC concentrations reduced approx. below
1000mgC/L, suggested as limiting concentration value for BSF larvae process.

•

The organic content concentration had a greater effect on larval growth as organic content load
increased over 10mgC/larva, resulting in significant differences among leachate typologies in terms
of maximum wet weight, prepupation and mortality.

•

Yields values decreased as substrate loads increased, suggesting that under food shortages, most of
the available food is used for anabolic processes and converted into new biomass, while under high
food availability, food is also consumed for catabolic production of bioenergy.

•

The specific daily substrate consumption values ($= , mgC/larva/day) linearly increased as the
organic substrate loads increased, regardless the substrate concentration. Substrate concentration
influenced the larvae growth and thus the potential amount of recoverable larvae biomass, but it
didn’t influenced the specific daily substrate removal performance. $= values can be used for
treatment unit design, based on organics loads, regardless the organics concentration.
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Factors Affecting Stability and Slope Failure
of Landfill Sites: A Review
Ebubekir EKINCI1, Ertan ARSLANKAYA 2
Abstract
Landfill is still the most cost-effective method of solid waste disposal. Every kind of pretreatment and
incineration process is applied to the wastes, as a result, non-processable wastes are formed such as ash,
non-recyclable wastes, etc. Therefore, the landfill method is still considered to be inevitable. It is essential
to prevent slope failure during the entire landfill process such as site construction, waste acceptance,
laying-compaction, intermediate cover and final cover. For this, it is important that the planning of the
sanitary landfill facility is made by considering the engineering criteria of the project and then the
operation. In some landfill facilities, slope failure is experienced at various scales due to mistakes made
during these stages. In this study, taking into account the slope failure in the past, cause-effect relationships
and mistakes will be analyzed, and determinations about solution alternatives will be made about solution
alternatives.
Keywords: Slope Failure, Landfill, Waste Management, Failure Prevent Models.

1. INTRODUCTION
Stability is one of the most important criteria in the design and operation of landfills. How to analyze the
instability degradation mechanism and stability difficulties of landfill sites under complicated circumstances is
one of the important technical challenges in the development project of landfill sites, particularly when the
structure must be expanded vertically (Rong et al. 2011).
Despite rising environmental consciousness, the quantity of waste created in many rich countries continues to
rise. Waste disposal options include landfilling and incineration (although incineration will leave ash residue
that still requires disposal in a landfill). Different waste disposal techniques are used in various regions of the
globe. Municipal solid waste incineration is avoided in North America due to concerns about particulate matter
emissions and expensive capital costs. Although reducing, reusing, and recycling might reduce the quantity of
waste that must be disposed of, landfills will likely be necessary in some form for the foreseeable future (Rowe,
2012).
Stability is an essential component for landfills, both during construction and operation. In landfills located in
areas with soft soils and a high groundwater table, slope collapses are probable (Feng et al. 2019).
To prevent the geo-environmental pollution caused by the leaking of waste leachate, engineered waste
containment facilities must feature a surface cover and a bottom liner. The goal of a landfill cover system is to
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limit the penetration of precipitation into the underlying waste layer and, as a result, waste leachate production.
Bottom liners act as a last line of defense against the leakage of waste leachate that may include harmful
substances. The United States and the majority of European nations have restrictions for both surface coverings
and bottom liners. In Japan, however, no such restrictions for surface coverings have been established. In 1979,
the Japanese Ministry of Health and Welfare released the Final Waste Disposal Guideline, which used a semiaerobic landfill method. In Japan, the majority of landfills created using this technique do not use cover systems.
It is stated that a partial aerobic digest in addition to the anaerobic digest in these landfills without cover systems
may stimulate the breakdown of wastes at a faster pace, hence stabilizing the landfills in less time than standard
anaerobic landfills with cover systems (Hanashima and Furuichi, 2000).
During the inactive (post-closure) stage of the landfill, the major role of a landfill cover system in waste
management methods is to reduce the rainfall penetration into the landfill. Estimating the quantity of leachate
generated once a landfill is closed is a crucial issue for landfill designers. Ultimately, the answer relies on the
amount of water seeping through the cover system. The amount of water that percolates through a cover system
to an underlying waste layer depends on several variables, including the hydrological conditions of the landfill
site, the cross-sectional composition of the cover system, the top slope of the closed landfill, and the presence
or absence of vegetation. Using hydrological models, it is possible to simulate the movement of precipitation
and melting snow, which normally flow through the cover system. A few models are available commercially,
such as the Hydrologic Evaluation of Landfill Effectiveness (HELP) model, which has been extensively used
in the United States to analyze the performance of rainfall interception in landfill cover systems.
Due to the lack of oxygen penetration into the waste layer, the anaerobic state of waste is encouraged in landfills
where the cover system is implemented. The so-called "landfill gas" is produced by the biological degradation
of organic waste components. The landfill gas contains methane, carbon dioxide, carbon monoxide, and
ammonia, among other components. The majority of carbon dioxide and methane are produced in aerobic and
anaerobic conditions, respectively. Thus, methane-dominated landfill gas is mostly produced in landfills with
impermeable water and gas cover systems. The landfill gas cannot be discharged into the atmosphere owing to
the installation of a gas-impermeable cover system. Consequently, the created landfill gas accumulates inside
the landfill and the gas pressure within the trash layer increases. As one of the most important containment
facilities in landfills, the cover systems are developed with their rainwater capture performance in mind.
Consequently, the design of landfill gas control systems for intensely releasing or managing the produced
landfill gas without building the gas pressure beneath the waste layer is a crucial aspect of landfills with cover
systems. As one of the potential countermeasures, when a cover system with low gas permeability is built over
reclaimed waste, the gas permeability of the cover material should be explained and a sufficient gas vent well,
which may lower the increasing gas pressure in the waste layer, should be constructed (Inazumi, 2003).
A secure landfill is a precisely constructed depression in the earth where rubbish is deposited. The primary goal
is to prevent any hydraulic connection between wastes and the surrounding ecosystem, especially groundwater
(Ansari et al. 2021). Landfill slope failure is most dangerous disaster. Landfill cap, moisture content,
embankment stability and permeability layer are responsible for the security and safety of landfills. Slope
failure depending effects, the accidents, preventing applications is presented. In this study, slope failure will be
discussed with all the reasons and consequences of the literature, and new applications that can be made with
today's technical and technological conditions will be included in the field studies on behalf of the prevention.

2. TURKISH LEGISLATION ABOUT SLOPE FAILURE
2.1. Regulation On Regular Storage of Waste (March 26th 2010)
General warnings in landfills
ARTICLE 6 – (1) In order to minimize the negative effects that may arise from the storage facility, the
facility;
(2) The wastes accepted to the storage facility during the operation phase are stored at a security level that
will not damage the structural strength of the site and will not cause slips and collapses on interior and
exterior slopes. It is ensured that the stability of the ground is such that it will not damage the impermeability
layer.
(3) (Amended:RG-26/12/2019-30990) In order to ensure slope stability and easy maneuvering of vehicles
and machines during the storage of wastes, the slope slope of the lot and the slope of the waste cell are made
to be 1/3 maximum. The passages of the vehicles that bring the waste are planned in such a way that they
do not damage the drainage system. The principles regarding the slope slope are determined by the Ministry.
According to the General Directorate of Mining and Petroleum Affairs, Governorate, Special Provincial
Administration and ownership, in areas where production is made by open pit mining method, abandoned
in accordance with the Mining Law and Mining Regulation, or where mineral reserves are exhausted, and/or
in areas where mining production is completed and must be brought into harmony with the environment. In
line with the appropriate opinions of the relevant institutions/organizations III. In case of building a class
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landfill facility; In the application projects, if the step width, step height, slope and general slope angle and
slope stability analyzes are evaluated according to the geotechnical study report, there is no slope condition
for the side surfaces in contact with the waste.

2.2. Circular on the Preparation of Landfill Facilities Implementation Project #2018/15
(November 22th, 2018)
It is designed and constructed in such a way that most slopes and slopes are maximum 1V/3H within all
years of slope stability in the field. In houses with a height of 10 m, at most every 10 m vertically, low and
anchorage (in a locked structure, in the form of a bench, the width will be 4 m) is determined according to
the analysis. In practice, when looking at the ministry with the technical academic academic report on
whether it is technically and economically difficult and suitable for the possibility of the appearance of more
inclination, which is not generalized on the surfaces of the contact surfaces from the material due to
topographical tools, it is seen that there is no more 1V/2H than 1V/2H in the burning target in contact with
the waste. Inclination is acceptable in near vision.

2.3. General Technical Specifications for Solid Waste Facilities Project Construction (July 21th,
2022)
The geomembrane to be used to strengthen the impermeable mineral layer in the storage area is min. It will
be 2mm thick and has a density of 941-965 kg/m3. A rough geomembrane is used on slopes and flat on the
bottom.

3. PROBLEMS DEFINITION
3.1. Main Factors That Affect Landfill Stability
•

•

•

•

•

•
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Waste Accepting: Operation of a landfill bioreactor requires addition of necessary liquid to reach the field
capacity of wastes. In order to provide optimum conditions for in-situ biodegradation. However liquid
addition should not be done by randomly in LBRs. As stated above, further operational changes or
additions will also be needed as well. Landfill bioreactors ensure controlled stabilization of municipal
solid wastes, while conventional landfills do not. The controlled stabilization means faster degradation of
biologically degradable waste. As a result of this accelerated landfill gas production additional new
volumes in waste body will be gained. When liquids are added in the bioreactor, internal pore water
pressures have the potential to increase and thus decrease the shear strength of the waste. Extra pressure
of pore water can cause slope failures (Yaman et al., 2016). High moisture content or liquid content into
landfill impairs stability.
Rain Infiltration to Landfill: The analyses made above indicate that the accident of Umraniye-Hekimbasi
dumpsite most likely took place in the following way. Initially the solid wastes started to slide due to
improper slope stability and superimposed load, exacerbated by heavy rainfall (Kocasoy & Curi, 1995).
In the rainy (rainy and especially snowy) seasons, the inclusion of precipitation waters on the storage
disrupts the stability.
Enbankment Weakness: Stability of the waste retaining structure is evaluated by the sliding of the dam
base at the boundary of foundation for concrete gravity dam and slope stability for earth fill dam (dike and
earth embankment). In both cases, dead loads, static waste pressures, hydrostatic pressure, uplift force,
and seismic effect are taken into account as the loads for the stability analysis (Tojo, 2016). The lack of
stability of the enbankment structures causes slipping.
Dreanage Layer Blokage: As a result of clogging of the drainage layer (pipe, filter material-gravel), the
water in the storage area is not discharged, aquiferization, cohesion, etc. For these reasons, a heterogeneous
structure is formed and the static strength is deteriorated.
Heat Changes: MSW is an interacting multiphase medium (gas-liquid-solid-heat) with each phase
exhibiting significant temporal and spatial variations. The waste settlement is accompanied with LFG
generation and dissipation, and migration of leachate within a landfill (Yu, 2011). It causes a change in
the amount of water formed in situations that impair biological reactivity, such as seasonal temperature
changes in the landfill.
Slope Degree Inaccuracy: Keeping the slopes high in the landfill operation. Failure to comply with the
1V/3H rule. Not leaving a bench distance after every 10 meters of vertical distance.
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3.2. Problems Due to Slope Failure in Landfills

3.2.1. Soil and Groundwater Pollution
A sanitary landfill is lined to prevent the flow of leachate. Therefore, leakage of leachate to the subsurface is
avoided as much as feasible. To ensure sufficient environmental safety, however, groundwater contamination
must be monitored. Because groundwater is a valuable water resource, it must be safeguarded (Tojo, 2016).
The solid wastes stored and the resulting waste leachate go out of the field, first mix with the receiving
environment and then with the underground waters.

3.2.2. Leachate Water Amount Increasing
The rain water falling on the storage body increases the amount of waste leachate due to the damage of the
cover layer. As a result, the capacity of the waste leachate treatment plant becomes insufficient, it dilutes the
content of the waste leachate, and causes the regime and efficiency to be affected.

3.2.3. Collectable LFG Decreasing
With the damage of the cover layer, the methane gas formed in the storage area escapes from the surfaces to
the atmosphere, the amount of methane in the gas collection systems decreases, and the oxygen absorption rate
increases. As a result, energy production efficiency is affected and methane gas escaping into the atmosphere
disturbs the people living in the region and causes public reaction.

3.3. Failures in Landfill Slope

3.3.1. Poland Warsav
In Gnojna Grora Hill landfill, in Warsaw, Poland, the archaeological work performed for this landfill revealed
that the landfill dates to the 14th century which showed that it is an old landfill without any liner or cover
system layers. The unit weight of the waste material was estimated to be 17 kN/m3 as the waste is mixed with
demolition debris. Groundwater or leachate level was found to be 3 to 5 meters below the ground surface based
on piezometer records (Ansari et al. 2021).

3.3.2. Istanbul Landfill in Turkey
The landfill of Istanbul Hekimbasi is operated since 1976 and far 30 km away from the city centre of Istanbul.
There was no gas and water collection system. More than 40 m height and approximately 1,200,000 m3 of solid
waste block displaced. Fires were known to be burning on the surface of the waste at several places during most
of the year before the slide. In this case, the explosion could not have been the main cause of the movement of
the waste. They also confirmed that the heavy rains, and excessive leachate level built up within the old
decomposed waste caused by water infiltrating from the adjacent surface water ponds were likely the triggering
mechanism, together with recently placed demolition debris on top of the waste (Kocasoy&Curi, 1995).

3.3.3. Hiriya Landfill in Israel
The Hiriya landfill, Israel’s largest, located in the heart of the Dan Region, operated from 1952 to 1998.
A volume of approximately 16 million cubic meter of waste is buried at the landfill. The landfill creates serious
environmental hazards. Until the mid-1990s, most of the waste in Israel was discarded at unapproved open
waste dumps, some of them operating close to the major cities. Waste was disposed of at these illegal landfills
without any infrastructure ensuring environmental protection. The Hiriya landfill failed in 1997 due to steep
slopes, lack of drainage controls and high moisture content (Ayalon et.al., 2006). The landfill does not have an
engineered bottom liner, final cover, or leachate and gas control systems (Isenberg al. 2004).

3.3.4. Payatas Landfill in Philippines
The Payatas Landfill is located in the NE part of Manila. It has been in operation since 1973 and about 1,500
tonnes of MSW are placed since 1996. The exact mechanism of failure is not clear, but several factors probably
contributed; heavy rains, to be the side slopes steeper than recommended; drainage trenches lack. The slope
failure occurred in 2,000 and MSW caused more than hundreds human fatalities (Huvaj-Sarihan & Stark, 2008).
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3.3.5. Guangming Landfill at Shenzhen, China
Catastrophic landslide of the construction waste landfill suddenly collapsed and rushed down to the residential
buildings and industrial zone at Guangming, Shenzhen, China in December 2015. It destroyed 33 buildings and
caused 69 deaths and covered more than 10 ha in the Hengtaiyu Industrial Park. This type of landfill occurred
without the involvement of rainfall or heavy rainfall with H=111 m and L=1.2 km. It has changed undesirable
location of 2.34 million cubic meters of the soils (Ouyang et al. 2017)

3.3.6. Sarajevo, Yugoslavia
The failure of a MSW dump at Sarajevo appears to be the first flow slide of MSW to be recorded in the technical
literature. In the 1970s, municipal solid waste from the city of Sarajevo, which then had a population of 350,000,
was disposed of at a dump site located in hilly terrain 6 km outside the limits of the city. The landfills, which
is no waste compation made, failed, causing the translational movement of 200,000 m3 of municipal solid waste
(MSW) in Sarajevo, Yugoslavia (Blight, 2008; Jahanfar, 2017; Ismail et al. 2019).

3.3.7. Bogota landfill, Colombia
Doña Juana sanitary landfill is the principal site for solid-waste disposal for the city of Bogota, Colombia, since
1989. Doña Juana landfill in 1997 had two main areas clearly defined. Zona I was the oldest area where solid
waste was deposited from 1989 up to 1995. Zona II was a newer area and has engineered bottom line, gas and
water collection system. Municipal solid wastes was deposited from mid-1995 up to the time of the landslide.
800,000 tons of solid waste deposited in Zona II, the active area, sled in September 27 of 1997. The avalanche
reached the Tunjuelo river bed generating a blockage that further aggravated the situation (Caicedo et al. 2016).

4. SOME WORKS FOR PREVENTION OF LANDFILL SLOPE FAILURE
Recently, most researchers have focused on quantitative vulnerability assessment. Dynamic run-out length
prediction models can be used to evaluate the propagation of landslide materials after the failure. These models
utilise different forms of rheological constitutive theories and equations to characterise flow of the MSW
following a landfill slope failure. Jahanfar et al. (2017), made the application of the new risk assessment
methodology, called Taylor method and Monte Carlo method, are demonstrated, using a case study for the
Bhalswa Dumpsite, India, that clearly shows the risk is too high and must be mitigated before a catastrophic
event occurs. Thus, an intolerable level of risk raises alarms for immediate attention of the managers in charge
of this dumpsite (Jahanfar et al. 2017).

4.1. Landfill Construction and Operation Works

4.1.1. Water Management
Landfill operation has several water management. Ground water release when soil construction has to be
carrying out of landfill. Further leachate water appear when waste operation need to be collected, rain water
above the landfill need to be remove landfill out in Fig-1.

Figure 1 Hydrolic Balance at Landfill

346

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

4.1.2. Ground Water Collection
In order to prevent contamination of groundwater, soil, air and general environment, the infrastructure of the
storage area should be arranged. The bottom of the tank must be at least 1 m high above the maximum level of
groundwater in Photo-2. In cases where groundwater control is required according to the ground survey report;
should be taken out of the field by making drainage with appropriate slopes (Ministry Environment and
Urbanization of Turkish Republic, 2014).

Photo 1 Groundwater Drenage

Photo 2 Excavation and Field Leveling Works

4.1.3. Berm Construction
Within the scope of the planned project, excavation work of the field is carried out. The amount of excavation
to be done varies depending on the location and size of the selected site. The distance of the tank floor to the
groundwater is also a parameter to be considered during excavation in Photo-3 and Photo-4 (Ministry
Environment and Urbanization of Turkish Republic, 2014).

Photo 3 Soil Leveling Works

4.1.4. Permeability Level Construction
Waste leachate, which is formed as a result of various physical, chemical and biological activities of the wastes
stored in the Landfills, is extremely harmful to the environment if it is released into the nature. Storage base
sealing is the most important geotechnical step in order to somehow control the resulting waste leachate. The
easy availability of clay soils makes the application of an impermeable layer common. Factors affecting the
permeability of clay soils; compaction method, compaction energy, moisture content of clay, lump size of clay
and degree of bond between soil layers. The ability of clay soils to close their cracks on their own and the fact
that it is difficult to drill through the entire thickness of the base cover can be counted as the advantage of the
clay base cover (Ministry Environment and Urbanization of Turkish Republic, 2014).

4.1.5. Clay Level Construction and Compaction
In the II. Class Sanitary Landfill Facility, the impermeability layer is compacted by laying in two stages in 25
cm thickness (at least 50 cm in total). It is combined with the layer following the laid clay layer. By using
crushers and chewers (with the help of a compactor and dozer), the lump part of the clay is broken up. Possible
settlements are minimized by compacting the base with the help of vibratory rollers. Compression tests should
be done while laying and compacting clay in Photo-5 (an average of 25-30 cm clay thickness). In practice,
Atomic Proctor device and field test device can be used for compression tests in the field. Clay used as base
impermeability material in landfills should have a minimum Compression Degree of 90% and above.
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Photo 4 Clay Material to be Spreading and Compaction

Compression Test should be done every 250 m2 and for every level, and Clay Control Tests in the Field should
be done by taking a sample of 20.000 m2 and necessary tests should be done (Ministry Environment and
Urbanization of Turkish Republic, 2014).

4.1.6. Anchor Trench Construction and Geomembrane Cover and Welding
Geomembrane provides superior protection against infiltrations as it has high resistance to chemicals, high
tensile strength, low permeability, and extremely resistant to punctures and cracks. It is used as a ground base
cover in solid waste landfills in Photo-7. High Density Polyethylene (HDPE) is about 2-10 meters wide, its
density; It is produced in rolls of 941-1885 kg/m3, and in lengths of 140-190 meters. Their thickness varies
between 1.5 and 8 mm (Ministry Environment and Urbanization of Turkish Republic, 2014).

Photo 5 Placement of Anchor Trench and Geomembrane in the Trench

Geomembrane rolls must be properly packaged and loaded to avoid damage. The geomembrane should be
stacked so that it is protected from puncture, dirt, oil, water, moisture, mud, mechanical wear, extreme heat and
other damages. All surfaces to be covered with geomembrane must be flat, free from foreign, cutting materials
and debris. Puddles and excessive moisture should not be allowed on the ground where the geomembrane will
be laid. Anchor trenches (Membrane Locking Channels); these are ditches with a depth of 100-130 cm that are
dug around the site to prevent the geomembrane from slipping due to the stored waste load. Before laying the
geomembrane, it should be excavated as shown in the application projects. The corners of the trench should be
slightly rounded, sharp bends should be avoided where the geomembrane meets the trench, and the anchor
trench should be compacted with filling material. The soil to be filled should not contain any sharp-edged
material that would damage the membrane. The geomembrane should not be damaged during transportation
and laying of the geomembrane (Ministry Environment and Urbanization of Turkish Republic, 2014).

Photo 6 Drenage Layer Construction
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The junction points of the geomembranes are adhered to each other by fusion welding or extrusion welding in
Photo-8. Geomembrane welds are controlled by air pressure test. The geomembrane surface is visually
inspected and any tears and punctures that may occur during manufacturing are repaired with fusion welding
(Ministry Environment and Urbanization of Turkish Republic, 2014).

4.1.7. Sliding Test
In the shear test, the tensile force is applied to the junction plane. This force is intended to separate the resource.
In this experiment, welded geomembranes are forced to separate from the weld zone at a certain speed (average
50 mm/min) and under pressure. This test gives information about the adequacy of the weld under pressure and
weight conditions. In the shear test, the geomembranes in the upper and lower layers of the welded parts are
pulled in opposite directions and the process continues until rupture occurs. In case the rupture occurs in parts
other than the weld, it is concluded that the weld is suitable (Ministry Environment and Urbanization of Turkish
Republic, 2014).

4.1.8. Geotextile Cover and Weld
In paragraph 4/b of Article 16 of the Regulation on the Regular Storage of Wastes; “Protective cover material
is used to protect the artificial impermeability layer.” is expressed as. II. Geotextiles are used as a protective
cover material on geomembranes in the Class Landfill Facility. The geotextiles used in the field are of the
standard and feature specified in Annex-3 of the Regulation on the Regular Storage of Wastes at Turkish
Republic. Thanks to the elongation feature of geotextiles, it is resistant to high regional loads. The pore
structures allow the passage of water while keeping fine-grained materials such as silt or sand. The special
structure of geotextiles prevents damage by laying on the geomembrane. The geotextile is adhered to the
geomembranes by fusion welding. In this way, the geotextile is prevented from slipping under load.

4.1.9. Embankment Construction
Main (Heel) Boundary: It is the last final bank where the wastes are based. Waste rises by resting on this point.
The height and width should be decided by planning the heel embankments at the last point around the field
and by making the dam stability. The project should be designed by taking into account how much waste will
be collected in the heel embankment, what the ground slopes of the field will be, the amount of load that will
come to the embankment, the material to be used in the embankment (filling material, etc.)
In the design of the heel barrier, it should be made in the form of an arc in the lower outer corners of the field
and the perimeter of the field should be projected as a ring line. Thus, since the heel embankment will receive
loads such as arches, the loads on the embankment will be distributed along the length section of the
embankment. With this; the following features should be considered while constructing the embankment.
Although using only the ground in the site area as a bank material for the bank may be sufficient according to
the stability analysis, the stability of the slope can be increased in terms of future waste loads by creating a
Rockfill section in the middle of the bank. Possible voids and settlements should be prevented by means of
controlled filling while creating a bank.
The outer surfaces of the bank should be covered with impermeable material in order to prevent the penetration
of rain water and leachate into the bank.
The most important point in the construction of the embankment must be on solid ground. For this, the
vegetative soil in the area where the levee will sit should be stripped and the berm should be placed on solid
ground.
Groundwater (if any) drainage should be provided at the base of the bank. Since the presence of groundwater
in the area where the embankment will be constructed may adversely affect the stability of the dam, care should
be taken to prevent the formation of underground (space water) water level behind and inside the dam, with the
maintenance of the drainage system to be taken both during the construction phase and during the operation
phase.
While the heel embankments are being designed, it should be decided whether there will be an access road on
it, then whether the embankment will be raised or not, and the upper width of the embankment should be
decided accordingly.
To prevent rain water from entering the field; the road circuit must be made out of the field.
In order to make clay, geomembrane, geotextile and gravel laying easily and to compact the clay layer on the
lateral surface, attention should be paid to the lateral slopes (slope slopes) of the Bank. Slopes min. It should
be 1/3. In application projects, the slope of the lot may be steeper than 1/3, provided that it is technically and
economically difficult to reduce the slope due to topographical conditions and that it is possible to provide
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stability in steeper slopes, justified by the institutional academic report specific to the lot. It should not be
forgotten that it will be difficult to lay clay, geomembrane, stream gravel on very steep slopes.

Photo 7 Embankment Construction

4.2. Various Computer Softwares and Models
The factors affecting erosion include land use, geomorphology, geology, climate, soil texture, soil structure,
vegetation etc. Soil erosion may be a slow process that continues relatively unnoticed causing loss of fertile top
layer soil which is good for plant growth and it may reduce the soils ability to absorb and store water which is
in increased rate results in landslide, debris flow, rock fall, etc., in sloped regions. The results of both software’s
are compared to know the trend in factor of safety values (Arun et al. 2020). Increase in the normalized height
of the leachate level results in a significant decrease in the Factor of safety value. Probabilistic method of
approach for the stability analysis is highly recommended (Warade et. Al., 2018)

4.2.1. HELP Model
The Hydrologic Evaluation of Landfill Performance (HELP) model is a quasi-two-dimensional hydrologic
model of water flow through, into, and out of landfills. It calculates water balances for landfills and other
systems of land disposal. The software calculates precipitation, runoff, infiltration, and other water paths in
order to calculate the amount of water that accumulates above each landfill liner.
Understanding the interplay between the proposed design and the natural system in terms of the flows that must
be controlled (i.e., groundwater, storm water, leachate, and landfill gas) and landfill stability may be facilitated
by modeling. Modeling I groundwater flow, (ii) leachate formation, (iii) pollutant movement across barrier
systems and influence on nearby groundwater, and (iv) basal and slope stability is possible using a variety of
computer programs today. Problems are often not caused by the program itself, but by users/designers who do
not fully comprehend the software's limits or what is necessary to produce meaningful results.
It is common to use the Hydrologic Evaluation of Landfill Performance (HELP) Model for estimating leachate
generation. Utilized properly, it may provide beneficial outcomes for this aim. Nonetheless, it is widely used
in two problematic ways. The HELP model is used to quantify leakage through a composite liner with a
geomembrane. The typical use of HELP only examines the number of holes per hectare and does not account
for the influence of wrinkles, which will dominate the quantity of leakage in both the cover and bottom liner.
Alternative methods should be used for calculating the capacity of drains (e.g., in a landfill cover) above a
composite liner, since the numbers often calculated may be a respectable average value, but they may severely
underestimate the drainage capacity required during a high rainfall event. This incident will result in a cover
failure. In addition, these drains should be constructed based on the weathered hydraulic conductivity of the
soil above the drain under a gradient of at least one unit, since this will determine the required capacity during
a heavy rainfall event.
While good design and construction are required they are not sufficient, in and of themselves, to ensure good
performance. The landfill must also be operated in a manner consistent with the design. A landfill is designed
for a given waste stream and mode of operation. If the waste stream or mode of operation is changed, then the
design may no longer be appropriate (Rowe, 2016).

4.2.2. PLAXIS 2D
PLAXIS 2D is a finite element software specifically built for the geotechnical engineering study of
deformation, stability, and flow. The input processes allow the increased output capabilities to give a
comprehensive presentation of the computational outcomes. The determined physical features of the waste
(completed with strength and other parameters) can be utilized as input data for the calculation of form charge;
however, the soil mechanics routine technique had to be modified (Firgi and Telekes, 2016).
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The finite element model developed is founded on a geometry model consisting of surfaces, lines, and points.
In FEM, the continuum is divided into a number of elements, which consist of nodes; in Plaxis, triangular
elements can have between six and fifteen nodes (Arun et al. 2020).

4.2.3. FLAC3D
FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) uses an explicit finite difference program
to study numerically the mechanical behaviour of a continuous 3D medium as it reaches equilibrium or steady
plastic flow. The explicit Lagrangian calculation scheme and the mixed-discretization zoning technique used
in FLAC3D ensure that plastic failure and flow are modelled very accurately (Benmebarek et al, 2008).
FLAC3D is software for numerical modeling of geotechnical assessments of soil, rock, groundwater, structures,
and ground support. Such studies include of engineering design, safety factor prediction, research and testing,
and failure back-analysis. (Xing and Cao, 2021). FLAC3D makes use of an explicit finite volume formulation
that captures the complicated behaviors of models with several stages, massive displacements and stresses,
nonlinear material behavior, and unstable situations (Nowroozi et al., 2021). This software can simulates slope
failure on landfill projects. It can be runned for open landfill or closed.
Several critical factors, such as shear strength parameters, elevation of percolate water surface, landfill height,
and landfill gradient, were discovered to affect the stability of landfill expansion when analyzing the stability
of a landfill using the strength reduction finite differential method implemented by FLAC3D. According to
studies, the strength of old solid waste and the height of the percolate water surface should be regulated
throughout the expansion construction and management phase in order to maintain the landfill's stability (Rong
et al., 2011).

4.2.4. GEO5
The GEO5 is advanced software’s suitable for solving geotechnical problems based on traditional analytical
method and finite element method as PLAXIS 2D. Basic geotechnical approaches implemented in these
programs are applicable all over the world. The output of both software analysis is factor of safety, defined as
the ratio of the shear strength to the shear stress required for equilibrium. The safety factor is evaluated for
various slopes. The slope is unstable if the factor of safety is less than 1.5. Maintaining the safety factor is
required to ensure the stability of slopes (Arun et al. 2020).

5. CONCLUSION
The most significant conclusion is that proprietors and administrators of landfills, be they dump or built,
structured landfills should utilize prepared and skilled enough to work their landfills. The administrative or
controlling specialists ought to likewise be prepared and proficient.
After the researches, the measures to be taken in the storage sites can be listed:
•

Landfill engineered bottom line and embankment construction is need to establish carefully.

•

Every step of landfill operating require taking wisely. The expansion height and gradient may be
chosen effectively. The landfill should be installing a reliable leachate water exhaust system, lowering
the landfill's soil saturation, and improving the soil are all necessary to achieve this.

•

Executives of landfills reduce the height of leachate. Leachate water should be under control, its level
should be monitored, and rainfall injection into landfills should be prevented.

•

It is strongly advised that a probabilistic method be used for the stability analysis.
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Abstract
Landfill leachate data compiled from different landfills from 46 countries around the world was analysed
by multivariate statistical approach. PCA was conducted to classify leachate data into groups for the
assessment of main properties and ANOVA was used to find out variations between the leachate
parameters according to the age of the landfill and climate factors. PCA results showed that the first
component having high concentration of inorganic parameters came from aged landfills whereas the
second component having high concentration of organics and divalent ions came from younger sites. It
was statistically proven that precipitation is the most important factor governing the leachate quality and
landfill age plays an important role especially for the organic strength. ANOVA results showed that
inorganic content of leachate does not change significantly with time as organics do. Regarding climate
effect, only some leachate parameters including mainly organics and BOD/COD ratio were found
significantly higher in landfills located in low precipitation areas than the ones in high rainfall climates.
Keywords: ANOVA, Landfill age, Leachate, Multivariate analysis, PCA

1. INTRODUCTION
Solid waste disposal in sanitary landfills or uncontrolled dumpsites is a widespread method in the World due
to being an affordable and convenient solution in comparison to other disposal methods [1], [2]. Around 70%
of the total municipal waste collected in the world is landfilled [3]. Leachate production is one of the
consequences of waste disposal in landfills/dumpsites and should be controlled to prevent adverse impacts on
the environment. Leachate is a highly polluted wastewater composed of high concentrations of organic and
inorganic compounds including humic acids, ammonium nitrogen, heavy metals, and salts [4], [5]. Leachate
characteristics and amount depend mainly on waste constituents, decomposition activities, moisture content
of waste, and percolated rainwater, as well as the detention time of waste in the landfill [2], [6]. In the
literature, generally authors compare leachate samples with the others originating from different landfills.
However, as leachate characteristics show huge variations with time, as well as changes seasonally, it is very
difficult to compare leachate samples from landfills in different locations. Nevertheless, there is a need for
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evaluation of interactions and relationships among pollution parameters in leachate to determine and compare
relevant management and treatment options.
It was stated that some statistical methods have been utilized in the past for landfill leachate [7]. However,
application of multivariate statistical techniques on landfill leachate is very limited. Principal Component
Analysis (PCA) is one of the powerful multivariate statistical methods commonly used in many research
fields. It has been used in the literature for some landfill leachate studies as well [7], [8]. PCA helps to group
variables with similar characteristics into same components. Hence, variables within each component are
highly correlated with each other, but slightly correlated with variables in other components [9]. Additionally,
Analysis of Variance (ANOVA) is a convenient tool to find out the differences between leachate parameters
with respect to different conditions.
The purpose of this study is to conduct various multivariate analyses for predicting leachate characteristics
based on extensive data collected from landfills around the World. PCA was conducted to classify leachate
data into groups for the assessment of main properties. ANOVA was used to investigate the impact of landfill
age and climate (precipitation and temperature) on the leachate pollution parameters.

2. MATERIALS AND METHODS
In this study, PCA was performed to see the status of groupings between pollutants. For comparison of
groups, parametric and non-parametric statistical methods could be used including analysis of variance
(ANOVA) and Kruskal-Wallis, respectively [10]. As mostly ANOVA was used by researchers for analysis of
leachate data [4, 11], it was preferred in this study as well. IBM SPSS software for Windows version 25 was
used for all statistical analyses. Significance level was set as 0.05 (p<0.05). Leachate data collection phase
and data pre-treatment procedures in terms of removal of outliers and missing data completion are explained
in another study [12].
Leachate data was classified into different age groups for the analysis of landfill age effect. The age of a
landfill was determined as the difference between initial waste placement time (start date of landfill) and
sampling time of leachate [13]. Age groups were arranged in a way to differentiate between younger and
older landfills. Selected age groups are provided in Table 1 with the number of data in each group.
Table 1. Generated landfill age groups with the number of landfills in each group
Age group

Landfill age

Number of landfills

1

<5 years

59

2

5-10 years

56

3

10-15 years

46

4

>15 years

54

In many studies it was stated that seasonal variations have great influence on the leachate quantity and quality
[4], [14]. This was mostly related with rainfall amounts. Therefore, another grouping was done for climate
factors. Climate data of landfill locations (annual average precipitation rate and temperature) were taken from
the articles, if available. However, it was not provided in most of the references, therefore a web link was
used (Climate-data.org) which provides climate data according to the specific location given in a reference.
Climatic zones presented by the Food and Agriculture Organization (FAO) was taken into consideration for
grouping of leachate data [15]. According to the defined climate zones, it was seen that mean temperature
values were close to each other in some climate zones. In addition, in the data matrix, annual average
temperatures in places with high precipitation were generally observed as above 20°C. The annual average
temperatures were generally below 20°C in places with low precipitation. Since there are no any available
criteria for the climate grouping with respect to temperature, the FAO’s climate groups were modified to
include the temperature as well. Accordingly, it was deemed appropriate to divide the climate factor into two
groups as given in Table 2. The data not complying with those ranges were not included in the analysis.
Table 2. Generated climate groups with respect to annual average precipitation and temperatures
Group
number

Climate Groups

Precipitation
(mm)

Temperature
(°C)

Mean precipitation
(mm)*

Arid/Semi
<1200
<20
765
arid/Sub-humid
Moist sub>1200
>20
1833
2
humid/Humid
*Mean values were calculated from leachate data matrix under each group
1

Mean temperature
(°C)*

Number of
landfills

12.4

131

23.0

62
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Before conducting ANOVA, the requirement of having a normal distribution in the data was checked in
SPSS. Unfortunately, normal distribution could not be achieved for any of the parameters in the majority of
the groups. Therefore, transformation of data into log10 was applied except for pH [10] and normal
distribution was achieved for all of the cases after removal of one or two outliers where required.

3. RESULTS AND DISCUSSION
3.1. Principal Component Analysis (PCA)
PCA was conducted for a data set of 10 leachate parameters including organic and inorganic contents as
much as possible. BOD and Na were not included due to high correlation (r≥0.9) with COD and Cl,
respectively. Results indicated that 10 leachate parameters can be grouped into two main principal
components. The first component (PC1) can be characterized by high positive loadings of dissolved ions. The
second component (PC2) is mainly associated with high positive loadings of COD, Fe, Ca, and Mg, with a
high but negative loading of pH [12].
High loadings of monovalent ions in PC1 result from solid wastes and are important constituents of the
conductivity in leachate. Therefore, this component can be apportioned to the inorganic portion of leachate.
Having most of the ions and conductivity in the same component may indicate that transport mechanism of
those parameters from waste to leachate may be similar. Likewise, having organic matter with Fe, Ca, and
Mg heavily loaded in PC2 may indicate that those are important parameters in the biodegradation mechanism
in landfills. This indicates that majority of the inorganic matter in leachate are not mainly related to biological
activities, so their concentration in the leachate is not affected by the state of biodegradation but by other
mechanisms such as dissolution, leaching, or dilution. A similar finding indicated the variation in Cl
concentration is not correlated well with other leachate parameters (i.e., pH, COD, and Ca), and can increase
even after 14 years of landfilling [16].
When the source of leachate samples having the highest component scores in PCA were cross checked from
data matrix, it was observed that majority of the inorganic parameters listed in PC1 had the highest
concentrations in samples coming from aged landfills (>10 years). Similarly, parameters listed in PC2 had the
highest concentrations in samples from younger landfills (<10 years). Thus, PCA scores revealed the
difference between components as landfilling time (landfill age). As purposed by another study, extracted
components may distinguish between more and less stabilized landfills [17]. Therefore, it is probable that
most of the inorganic parameters in leachate would have relatively high concentrations in the long-term
operation of landfills (older age), while organics and associated divalent ions would dominate in leachate
during the initial and medium terms (younger age).
Component scores were used also to draw a plot showing the locations of the samples along the extracted two
components as presented in Figure 1. In this score plot, there are some data points close to each other
representing the similar properties in terms of the tested 10 leachate parameters. For example, on the lower
right part (circled) there are leachate samples coming from places with high and low precipitation rates with
different landfill ages. Among them, two samples are from areas where annual average precipitation is
relatively high (>1400 mm) and landfill age is less than 10 years, while two samples come from landfills with
older age (≥13 years) and areas with much lower precipitation (400-800 mm). This suggests that a younger
leachate sample could have similar characteristics with a much older landfill leachate if they come from
relatively different climates. Those findings are supported with comparison tests accordingly.

Figure 1. Scatter plots of the principal component scores with 10 leachate parameters
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3.2. Climate Impact (ANOVA)
Climate effect on leachate characteristics were investigated in two groups. Results of one-way ANOVA for
climate factors in each landfill age group are presented in Table 3. Except the organic content of leachate,
none of the analysed parameters were found changing significantly with climate. As given in Table 3, the
highest number of parameters having significant difference between climate groups were found in the first
years of landfilling as pH, organic content, solids, and BOD/COD ratio. As the age of the landfill increases,
climate impact on leachate parameters diminishes.
In high rainfall areas, two main mechanisms affect the leachate quality. The first is the dilution mechanism as
high amounts of percolating rainwater decreases the concentrations of leachate pollutants. The second one is
the wash-out effect that could cause high loadings of leachate in the short term [18]. Dilution effect may not
be relevant always for some inorganics as more precipitation could result in more leaching (i.e., Cl, EC).
However, in the long term leachate parameters could be much lower in high precipitation areas. On the
contrary, in dry climates many leachate parameters remain in high values for longer periods (10-15 years) due
to scarcity of moisture for prolonged biological activities.
As seen from Table 3, mainly pH, organics, and BOD/COD ratio were found significantly different between
climate groups. Leachate pH was found to be significantly lower in climate group 1 only during 5 years of
landfilling, while COD was found to be significantly different in the 10 years and BOD till 15 years.
Biodegradation of waste was found very limited in high precipitation areas. As stated, high precipitation rates
can flush out both soluble organics and established microbial flora from a landfill generating a high volume
of diluted leachate [13].
Table 3. Concentration of parameters tested according to the climate factor
Clm 1

<5 year
Clm 2

Clm 1

5-10 year
Clm 2

Clm 1

10-15 year
Clm 2

Clm 1

>15 year
Clm 2

pH
7.1
7.9
7.7
7.9
8.0
7.8
7.8
8.1
COD
12666
3754
5276
3041
5201
3583
2116
2240
BOD
6540
817
2087
407
1266
369
290
324
BOD/COD
0.51
0.21
0.37
0.13
0.17
0.11
0.14
0.10
NH4-N
794
541
794
1187
1383
1253
642
904
TSS
863
146
NT
NT
NT
NT
237
244
Cl
2107
2393
2556
2196
NT
NT
NT
NT
EC
16.1
19.3
15.8
18.4
NT
NT
NT
NT
Fe
26.6
15.7
NT
NT
NT
NT
NT
NT
EC is in mS/cm and the other parameters are in mg/L
Clm 1: precipitation rate<1200 mm with temperature<20°C, Clm 2: precipitation rate>1200 mm with temperature>20°C
Bold ones are significantly different. NT: Not tested due to low number of data

3.3. Landfill Age Impact (ANOVA)
ANOVA was performed separately for each climate group. Results showed that landfill age has significant
impact on the tested leachate parameters in the first climate group (low rainfall-low temperature). Results of
the tests for the pollution parameters having statistically significant difference between landfill age groups out
of 26 parameters (pH, COD, BOD, BOD/COD, NH4-N, TKN, PO4-P, TSS, TDS, Cl, EC, alkalinity, Na, K,
Fe, Ca, Mg, TP, SO4, Ni, Zn, Cu, Cr, Pb, Cd, Mn) are presented in Table 4.
As shown in Table 4, leachate pH only in the young landfills (<5 years) appear to be notably lower than all
others (age>5 years) in the first climate group. The same finding was reported in other studies as the landfill
age increases, pH of leachate also increases [19]. pH of leachate was also lower in low precipitation climates
in comparison to high precipitation areas only for the age group of <5 years. In general, it was stated that
landfills enter into methanogenic conditions in approximately four years after closure or in 10 years after
initial waste placement, whereas limited moisture can delay the onset of anaerobic conditions [20].
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Table 4. Leachate parameters found as significantly different between landfill age groups (all samples from the first
climate group)

pH

COD

BOD

BOD/
COD

NH4-N

TKN

PO4-P

Landfill
Sample
age group
N
<5 years
33
5-10 years
30
10-15 years
26
>15 years
36
<5 years
33
5-10 years
30
10-15 years
28
>15 years
36
<5 years
29
5-10 years
26
10-15 years
26
>15 years
33
<5 years
27
5-10 years
26
10-15 years
20
>15 years
33
<5 years
31
5-10 years
27
10-15 years
28
>15 years
36
<5 years
23
5-10 years
17
10-15 years
15
>15 years
16
<5 years
10
5-10 years
12
10-15 years
10
>15 years
14

Means
(mg/L)*
7.1
7.7
8.0
7.8
12666
5276
5201
2116
6540
2087
1266
290
0.51
0.37
0.17
0.14
794
794
1383
642
1088
1310
2133
794
10.5
15.9
9.0
3.2

Test result**
<5 yr is sig. lower
than other age
groups
<5 yr is sig. higher
than others and >15
yr is sig. lower than
others
Same with COD
<5 yr is sig.
higher than >5 yr
and >10 yr is sig.
lower than <10 yr
10-15 yr is sig.
higher than >15 yr
10-15 yr is sig.
higher than >15 yr
>15 yr is sig.
lower than 5-10 yr

Landfill
Sample
age group
N
<5 years
24
5-10 years
18
TSS
10-15 years
13
>15 years
10
<5 years
21
5-10 years
22
Cl
10-15 years
22
>15 years
31
<5 years
14
5-10 years
16
Ca
10-15 years
14
>15 years
21
<5 years
23
5-10 years
17
Cr
10-15 years
13
>15 years
19
<5 years
19
5-10 years
17
Ni
10-15 years
17
>15 years
19
<5 years
19
5-10 years
18
Fe
10-15 years
23
>15 years
27

Means
(mg/L)
863
401
552
237
2107
2556
3497
1742
418
231
98
167
0.37
0.39
0.55
0.09
0.21
0.35
0.41
0.12
26.6
26.5
6.9
6.5

Test result
<5 yr is sig.
higher than
>15 yr
10-15 yr is
sig. higher
than >15 yr
<5 yr is sig.
higher than
10-15 yr
>15 yr is
sig. lower
than 5-15
yr
>15 yr is
sig. lower
than 5-15
yr
<10 yr is
sig. higher
than >15 yr

* as antilogs were taken (except pH)
** “sig.” stands for “significantly” and bold values
show significantly different parameters

The organic content of leachate has a decreasing trend with landfilling time, but it was found statistically
significant only after 5 and 15 years, while in between there is no major change (Figures 2a and 2b). It was so
stated that most of the chemical parameters in leachate decreases considerably in the first 4 years of
landfilling [21]. In the present study, both COD and BOD values were significantly higher in younger
leachate (<5 years) in comparison to landfills having older ages in the first climate group. It was indicated
that continuous dumping of new waste on top of the older ones does not increase the organic strength of
leachate collected at the bottom of multi-layered waste piles [16], [22]. This is because older waste full of
well established microbial flora at the bottom acts as a bioreactor for the leachate passing through which is in
high organic matters from fresh waste parts. Therefore, after 5 or 10 years, more constant values could be
obtained in leachate for parameters such as pH, COD, and BOD. With respect to biodegradability of leachate,
the situation was found a bit different. BOD/COD ratio decreases with time but this decrease seems more
pronounced after 10 years (Figure 2c).
In high precipitation climates, organic content of leachate is found in much lower concentrations without any
change with landfill age. Leachate biodegradability as well is considerably low starting from the beginning of
landfilling. Opposite to that, higher levels of inorganic components in leachate might be observed in landfills
from this climate group due to mainly wash-out effect causing high loadings of leachate in the short/medium
term. The lack of a significant trend with landfill age for organic matter in the leachates of landfills in high
rainfall climates indicates that biological activities and waste degradation continues in a constant manner
without any time effect. This is in contrast to many studies proposing considerable variation in leachate
properties with time [22], [27], [28]. However, climate factor was not included in those studies. It was
statistically shown here that for leachate in high rainfall and warm climate areas, COD and BOD values do
not decline with time and remain stable for long periods. Similarly, leachate data investigated from Florida
landfills (heavy rainfall and warm temperatures) indicated that BOD and COD did not change with time [13].
This is in compliance with the present study for the case of high precipitation areas.
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Mean COD (mg/L)
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Precipitation<1200 mm Temperature<20°C
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Precipitation<1200 mm Temperature<20°C
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Mean BOD (mg/L)
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290 324
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Mean BOD/COD

0,5

Precipitation<1200 mm Temperature<20°C
Precipitation>1200 mm Temperature>20 °C

0.51
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0,4
0,3
0,2

0.21
0.13

0,1
0,0

0-4 years

0.17
0.11
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10-15 years
Landfill age groups

0.14

0.10

>15 years

(c)
Figure 2. ANOVA results for leachate in different age/climate groups (a) COD (b) BOD (c) BOD/COD

4. CONCLUSIONS
Findings of multivariate statistical analyses supplied valuable information about the specific properties of
landfill leachate as well as its source. PCA scores revealed that landfill age emerged as the main reason of the
differences between components. The first PCA component contained samples having high concentrations of
inorganic parameters belonging to aged landfills. The second PCA component was formed by samples with
high concentrations of organics and divalent ions coming mostly from younger sites. This was validated in
ANOVA as well.
Results of ANOVA is very important to understand the behavior of leachate between different landfill age
and climate conditions. It was found that some leachate parameters show important variations according to
different conditions such as organic content, pH, and BOD/COD ratio, while others do not have any clear
trend at all being mostly inorganics and heavy metals. It was statistically proven that precipitation is the most
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important factor governing the leachate quality. Besides that, landfill age plays an important role especially
for the organic strength but not for the inorganic content.
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Abstract
A European Union project called 'Smart Decision Tools for Reducing Hazards to Our Environment and
Water Resources by Rehabilitating Open Dumps (SMARTEnvi)' is underway related to the rehabilitation
of MSW open dumps. This project aims to develop pilot, and test innovative digital tools for reducing
hazards to the environment and water resources by rehabilitating open dumps via training methods and
materials using competence tool, multilingual e-learning-platform, learning modules, and smart guidance
manual. The topic of one of the learning modules is about rehabilitation methods and engineering
applications. The rehabilitation methods for open dumps and its global applications, which will be
discussed in this study, will be an output of the mentioned learning module of SMARTEnvi project.
Different methods have been used for the rehabilitation of open dump sites. In situ rehabilitation,
rehabilitation after mechanical separation, and rehabilitation by waste transportation are mainly
rehabilitation methods. The open dump rehabilitation process mainly includes condition assessment,
planning, and implementation steps, regardless of which method is used. In the rehabilitation process,
surface water and leachate control system and gas drainage systems can be listed as processes that should
be applied during rehabilitation. During the rehabilitation method, the state and the needs of the open
dump and the surrounding settlements should be considered. The effective parameters related to method
selection are location, size of the area, amount of solid waste disposed at open dump sites, and nearness to
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underground and surface waters. In addition, rehabilitation cost is also an important parameter. In this
study, different rehabilitation methods and some common global applications of these methods will be
explained.
Keywords: Municipal Solid Waste, Open Dumps, Rehabilitation Methods

1. INTRODUCTION
Today, for the disposal of municipal solid waste (MSW), the sanitary landfill method is the most widely used
method in many countries. Before the use of landfills, solid waste was randomly dumped in any area outside
of the city which method is called an open dump [1] . The open dump method has been used by waste for the
removal of municipal solid waste (MSW) for ease, economic reasons, technical deficiencies, and environmental
irresponsibility. In many countries, abandoned and still used open dumps cause environmental and health
problems. Problems such as erosion caused by irregular storage of waste [2], explosion caused by compressed
methane gas [3], polluting natural water resources, and soil by toxic leachate are only the main problems.
Therefore, open dumps have to be rehabilitated due to their harmful and unhealthy effects.
Although there have not many studies on the rehabilitation of open dumps, it has become a topic that has begun
to attract worldwide attention [4]. The member states of the European Union are required to act in accordance
with the directive 1999/31/EC, which covers a number of rules to be applied in waste storage activities [5]. In
this directive, there are no specific rules to be followed in stages for the rehabilitation of open dump areas.
However, in the closing and rehabilitation processes of sanitary and unsanitary landfills used after the directive
entered into force, they must comply with the ‘storage site closure and post-closure maintenance criteria’ in
this directive.
Rehabilitating open dump is a multidisciplinary issue that requires engineering planning. Before open dump
rehabilitation, the economic feasibility of the rehabilitation method needs to be evaluated [6]. However,
sometimes rehabilitations were carried out urgently as a result of an accident, and they were applied regardless
of their economic viability [2], [7], [8]. A wide variety of methods have been used for the rehabilitation of open
dumps. Some of these methods also involve energy and material recovery. Regardless of the rehabilitation
method, both the environmental damage of the open dump is prevented and new areas are introduced into the
society.
In this study, the rehabilitation methods of open dumps are mentioned. Rehabilitation methods are examined
under three headings in this study. These; in situ rehabilitation, rehabilitation by waste transportation, and
rehabilitation after mechanical separation. These rehabilitation methods have been reinforced with global
applications.

2. REHABILITATION METHODS
The landfill rehabilitation process is a multifactor system that includes condition assessment, planning, and
implementation steps. Factors such as the evaluation of the situation plan of the area before filling, the final
situation plan, geological and hydrogeological studies, and the type and amount of stored waste can be counted,
which will be illuminated in the determination of the rehabilitation method during the situation assessment
phase. As the planning and implementation stages, slope stability and filling works, surface water drainage
system, leachate drainage system, gas drainage system, final cover layer, culvert, road and chimney type details,
landscape plan, observation wells and control plan can be counted.
There are different methods for landfill rehabilitation, but the most common are; in situ rehabilitation,
rehabilitation by waste transportation, and rehabilitation after mechanical separation[9]. In the selection of these
methods, technical and economic factors are taken into consideration of open dump. Factors such as the location
of the landfill, the size of the area, the amount and type of waste stored, and its state to underground and surface
water resources can be effective parameters in the selection of the method. These factors play an important role
in deciding whether landfill rehabilitation can be done primarily on site. Furthermore, knowing geological
features such as soil structure in in situ rehabilitation will be of great benefit during leachate collection. Apart
from that, samples can be taken from different points to investigate waste characterization in the open dump.
For example, mechanical separation may be beneficial if the amount of waste under the sieve is not much at
the end of the characterization process and the amount of waste that can be recovered is much[6]. However,
since this method may require cost, it may be necessary to consider economic considerations in its selection.

2.1. In situ rehabilitation
This method can be defined as the rehabilitation of open dumps on the area, without moving them to another
area or a sanitary landfill. It can be applied in the rehabilitation of abandoned or currently used open dumps.
The purpose of the implementation of this rehabilitation method is to prevent the damage they cause to the
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environment by closing the open dump area where no measures are taken for leakage, surface water and gas
drainage[2].
In the rehabilitation method, the first thing to do is evaluation the current situation. In this evaluation process,
information about the prestorage and final state of the area is obtained, its geological and hydrogeological
characteristics are examined, and the amount and characterization of the stored waste are determined. After
planning, slope stability and filling works, surface water drainage system, leachate drainage system, gas
drainage system, final cover layer, culvert, road and chimney type details, landscape plan, observation wells,
and control plans are created respectively.

2.2. Rehabilitation by waste transportation
It is a preferred rehabilitation method in cases where in situ rehabilitation of open dumps is not possible. In this
method, wastes are transported from the area to a current sanitary landfill or newly established sanitary landfill
located nearby. The reasons such as the area's location within the special environmental protection zone, the
area's being within the residential area, the high groundwater level, and the low amount of stored waste play a
role in the selection of the rehabilitation method by waste transportation. For these reasons, if it is economically
viable, rehabilitation of the area by transporting the waste from the open dump to an operating sanitary landfill
may be a suitable option.
The first step in this method, as in the other method, is to evaluate the current situation. After the necessary
examinations, the wastes are excavated and transferred to the nearby sanitary landfill. During this process,
recyclable wastes can also be separated by investigating the degradation and characterization of the wastes.
After the wastes are completely emptied, depending on the condition of the area, a fill or cover layer can be
applied. If a construction is to be made, it can be left after the necessary controls. In these controls, the presence
of pollutants and pathological microorganisms in soil and groundwater that will adversely affect the
environment and human health can be checked. After the rehabilitation, this area can be used for various
purposes, such as a recreation area.

2.3. Rehabilitation after Mechanical Separation
Rehabilitation after mechanical separation can be defined as the rehabilitation performed by separating the
metal, plastic, glass and combustible organic wastes from soil and fine particles that can be recovered by
excavating the waste stored in the open dump [9]. Since there is a material recovery here, it is often possible to
come across the term "landfill mining" in the literature instead of the term "rehabilitation after mechanical
separation of recyclable wastes". This method was mentioned in 1993 in ref [10]. From the past to today, landfill
mining has been divided into branches within itself [4], [11]. In this method, after the current situation is
evaluated, the wastes are excavated and separated into certain classes. The elements extracted as a result of
excavation can be classified mainly as soil layer, recoverable wastes, metal wastes and fine particles. It can be
used as a filling material in cases where there are no precious metals in the excavated soil layer. Evaluation of
recyclable waste is generally in two ways. In the first method, metal, plastic, and glass wastes that do not have
much degradation and pollution are subjected to the recycling process. In the other method, all combustible
parts are used in energy production after the metal waste is separated. Thus, this method has an economic
advantage.

3. GLOBAL APPLICATIONS
There are 9 partners in the Smartenvi project from Turkey, Poland, Italy, Bulgaria and Romania. Partners: the
applicant Gebze Technical University, Pamukkale University, and Denizli Metropolitan Municipality, from
Turkey; Training 2000 and Municipality of Fano from Italy; Silesian University of Technology from Poland;
Sofia University St. Kliment Ohridski and Research and Development Biointech from Bulgaria; and
Universitatea Petrol-Gaze din Ploiesti from Romania. The partners studied on regional applications of open
dump rehabilitation studies in their countries on part of the project.
In all application cases, the open dump is operated without the construction of a bottom insulation screen,
drainage system for filtration water, or other measures limiting the spread of waste or hazardous substances
released from the processes of decomposition of waste. The waste is dumped directly on the ground in the used
spaces of two quarries for facing materials. The open dump has been operated without any measures for the
protection of soils, groundwater, and earth's bowels from pollution due to the disposal of waste on the site, no
security ditches have been built, etc. So, they were rehabilitated to provide healthier conditions.
First application is rehabilitation of Buldan open dump in Turkey. Buldan is located 42 km away from the
center of Denizli. Buldan open dump was operated between 2007-2020. It has 2.6 ha waste storage area. Until
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2020, an average of 31.2 tons/day of waste was dumped into the open dump. After this time, waste colleted by
the Buldan Municipality and transferred Solid Waste Transfer Station established in Bozalan town and then
transported to the Kumkısık Landfill located in Denizli. There are some observations on the open dump area
before rehabilitation. There are no activities related to landfill gas management were carried out in the open
dump prior to rehabilitation. Landfill gas formed in the open dump can neither be completely removed from
the garbage mass, nor be completely isolated within the mass. Due to the location of the disposal site, it causes
visual pollution and odor on the Denizli-Salihli road. The dense smoke from active and passive combustion in
the open dump affects the residential areas and the highway. After the observations waste amount was
calculated from waste generation per person daily. Approximately 227.257 m3 of house of wastes belong to
Buldan were stored in the open dump has 9 m depth and 2.6 ha area. Slope arrangement and embankment
formation, top cover system set up, surface water drainage and gas management system were carried out in this
area. It was given 3% of slope on the top of the area to ensure surface drainage. The drainage channel, which
will provide the surface water drainage of the waste mass and the whole side, was built on the outside of the
embankment. 12 vertical gas chimneys as shown figure 1 were used to collect landfill gas. For top cover, 50
cm leveling layer, 50 cm clay layer, 30 cm drainage layer, 50 cm vegetative soil were chosen. Maintenance and
monitoring activities after closure were planned.

Figure 1. Installation of gas chimney

Sarayköy open dump is second application from Turkey. Sarayköy is 20 km away from the center of Denizli.
The use of the open dump area, which was started in 2007, was terminated in 2014. Average of 33.5 tons/day
of waste was dumped into the open dump site until 2014. Observations before rehabilitation showed that
approximately 162.946 m3 of house of wastes belong to Sarayköy were stored in the open dump has 6.5 m
depth and 2.5 ha area. Before rehabilitation there were so many problems such as odor, smoke and flies (Figure
2). Slope arrangement and embankment formation, top cover system set up, surface water drainage and gas
management system were carried out in this area. The steep slopes, especially in the northern part of the open
dump, where active solid waste dumping is made, have been moderated to 1/3 rate by filling approximately
10.000 m3. Gas drainage wells as shown in figure 3 were used to collect landfill gas. Also top cover layers
applied for prevent rain drainage.

Figure 2. Fires on Sarayköy rehabilitation area before rehabilitation
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Figure 3: Gas drainage well.

The open dump in Gliwice is one of the largest open dump in Silesia, Poland. The current state is 4 open
quarters, and the closed part of the open dumps discussed in this case study. The open dump was put into
operation in 1989 and the recultivation process started in January 2001. The mass of waste deposited on the
closed section may amount to about 390 thousand tons of deposited municipal waste. As a standard, land
reclamation was performed after the liquidation of the open dumps headquarters, and consisted of backfilling
the excavations with clean, properly compacted soil. To protect the open dumps and uncontrolled leakage of
leachate into the environment, a double protection was used in the form of drainage surrounding the open dumps
and a ditch on the surface led over the drainage, which also covers the open dumps. The leachate from both
safeguards is collected into a retention tank, where it can be redirected further in a controlled manner. The gas
discharged through vertical pipelines was used in a power generator and partially burned in a flare. The process
started in 2001. Appropriate openings and an installation for degassing the open dumps gas have been made.
This stage was completed in 2005, when the amount of biogas was so low that it was not justified to continue
the degassing process. The top layer was covered with soil and greened in order to improve the aesthetics of
the area and to prevent wind erosion.
The other application is closure and reclamation of an existing old open dump for solid waste in the land of
Aleko Konstantinovo village in Bulgaria. Its implementation includes the reclamation of an old open dump (92
000 m2), which contained 100 000 m3 solid wastes, accumulated for the period from 1962 to November 2017.
In 2019, activities are carried out mainly for the re-disposal of waste and the construction of a system for
polluted water (Figure 4). In 2020 the activities for pre-disposal and shaping of the open dump body were
completed and the gas system, the insulation screen, and the technical reclamation were built. The biological
reclamation was performed at the end of 2020 - soil preparation of the areas for reclamation and sowing with
seeds. Mainly finishing works were carried out during the winter of 2020-2021 - drainage ditches and
connection of the gas system. The reclamation process and restoration of the terrains continue until the third
year with planned care. The biological reclamation will be implemented during 2021, 2022, and 2023.
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Figure 4. Aleko Konstantinovo open dump rehabilitation studies

The existing municipal open dump for non-hazardous waste of Elena municipality, Bulgaria is located 450 m
northwest of the construction boundaries of the city. Waste is deposited in an area of 24,221 m2. The open
dump neighbored in its northwest (about 150 m) a gully with a variable runoff after rain. In addition, no surface
water and infiltrates were drained from it and there were no gears for collecting and treating the rainwater.
There was neither a system for biogas collection/control. The general view of Elena open dump before
rehabilitation shown in figure 5. Total of 1460 m3 waste was re-deposited outside the boundaries of the open
dump and 57 716 m3 were re-deposited for re-shaping the slopes of the open dump. Shaping a slope 1:2.5
without a deviation from the slope angle. Drainage channels were constructed for surface water collection. For
top layers 0.75 m soil and 0.25 m humus were used. The rehabilitated open dump will be used as a green area.

Figure 5. General view of Elena open dump before rehabilitation

The open dump of Rasnov has an area of 2.29 hectares and has not been used since 2009, when landfilling was
stopped. There are several sources of pollution in the area, including garbage storage that resulted in biogas
production, emissions, water vapor, leachate, odors, and microbial pollution. The lithology of the soil allows
leachate to infiltrate into the groundwater due to the thin topsoil layer of around 0.15 m, which is followed by
sandy and clayey soil. Technologies for waste management were nonexistent, unable to be used, and unsafe for
disposal. There are no rainwater collection channels or waterproofing on the artificially constructed slopes.
This results in more leachate building up. There is no leachate treatment facility because there is no drainage
and collecting system. The nearest water source, about 50 meters from the ramp (Figure 6). The closure strategy
calls for totally or partially filling potholes and unevenness, rearranging waste into a cap with a cap slope
between 1:20 and 1:3, and closing the road. All plastic foil, which is regarded as light waste, has been disposed
of by being diverted to a landfill. By covering the waste with a layer of at least 30 cm of clay soil that is evenly
spread throughout the dump, the area is considered to have been systematized. The compacted clay layer is also
covered with at least 10 cm of topsoil. The upkeep of this green cover and ongoing study of the amount of
leachate constitute post-closure monitoring.

367

Rehabilitation Methods for Open Dumps and its Global Applications: SMARTEnvi Eu Project
O. N. Agdag, R. G. Yilmaz Cincin, S. Toprak, Y. Kaplan, R. Degirmenc, F. Agdag, S. Gebes, B. Cetin, E. De
Angelis, K. Pikon, A. Kujumdzieva, V. Petrova, C. Panaitescu, D. Frulla, O. Dal, C. Balcik, K. De Angelis, F.
Dinu, T. Nedeva, M. Bogacka

Figure 6. Rasnov open dump located about 50 m to water source.

This case study presented the steps behind the rehabilitation of an urban waste landfill located in the
municipality of Fano (Italy) which operated from 1978 to 1986. The Landfill of Monteschiantello was built in
an old quarry traditionally used for the extraction of clay. Historical sources confirmed that the site, at the
beginning of its life cycle, can be now classified as an open dump, as the waste collected wasn’t monitored nor
controlled in any way. The landfill site is currently formed by two adjacent basins. The first one is called “Basin
1” and is situated in the North-eastern part of the area where the old municipal dumpsite was operating from
1978 to 1996. Now, Basin 1 is completely rehabilitated. For rehabilitation the surface is curved. Soil layer, clay
layer, geocomposite drainage layer and vegetative soil were used as top cover layers. A rainwater collection pit
was created around the area. The biogas extraction system was adapted to Basin 1 needs considering that its
biogas production of was gradually decreasing. New extraction wells were gradually built on the area, along
the landfill expansion process. The planting of different species of native tree and shrubs also allowed to
reinforce the local environment in terms of quantity and quality creating a good habitat for birds. This is due to
the vastness of the area (8 hectares) which is fenced from farming, people and wild animals (Figure 7).

Figure7: Basin 1- Final stage of the Environmental restoration plan. Source: ASET Spa, 2011.

4. CONCLUSIONS
Open dumps, which have been used for many years due to being economical and easy to operate, have started
to pose a problem today. In many reports, disasters such as explosions, fires, groundwater contamination, and
erosion have been reported in these landfill areas, even while they are still operating in most applications. The
still-operated open dump areas and the closed open dump areas are considered to be rehabilitated as a priority.
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In this study, some examples of rehabilitation studies carried out in open dumps are given. As a result of the
rehabilitation studies, the negative environmental effects of open dump areas were minimized. The risk of gas
compression and explosion has been eliminated, the strength of the field has been ensured, and the formation
of leachate that may occur due to rain water has been minimized in the scope of our EU project .
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Abstract
Waste management and final disposal cause severe environmental impacts. Even in modern landfills, installed
engineered barriers worsen their hydraulic performance after 8 years of landfill operation, which can lead to
leachate leakage and environmental pollution in the medium to long term. In addition, the use of clay as landfill
barriers relies on a non-renewable resource and entails high economic and environmental costs when such a
resource is not locally available. Therefore, it is necessary to develop barriers made of renewable and/or recycled
sources, which not only promote leachate containment but also enhance its in-situ treatment and attenuation. This
project will take advantage of the bacteria naturally occurring in leachate that grow and form biofilms by
consuming the organic compounds. We will apply the biofilm-forming bacteria in a novel liner made of the
rejected fraction of fine aggregates and plastic waste. Adopting such a bio-barrier between the liner and the
drainage system could reduce both the leachate flow (because of the natural clogging) and the contaminants
concentrations that actually reach the liner (due to chemical and biochemical attenuation). In this regard, the
proposed project will 1) develop bio-barriers for landfill design, combining the rejected fraction of fine
aggregates, plastic waste and biofilm-forming bacteria, 2) verify the long-term performance of these new designs
for representative conditions, and 3) develop guidance for real-world implementation to reduce barrier
permeability and increase contaminant attenuation. The effectiveness of the developed bio-barrier could enable
the reduction of clay liner thickness, in a renewable and sustainable design perspective.
Keywords: Bio-barrier, landfill design, anti-leakage clogging, geochemical modelling

1. INTRODUCTION
Waste management and final disposal cause severe environmental impacts. The most persistent and long-term
problem is the leaching of contaminants from dumpsites and non-sanitary landfills, the destination of about 33% of
the municipal solid waste generated globally, 90% in low-income countries [1]. Nevertheless, even in modern
landfills, the installed engineered barriers showed decreasing hydraulic performance after 8 years of landfill
operation, which can enable leachate leakage and environmental contamination in the medium and long terms [2].
Additionally, the use of clay as landfill barriers depends on a non-renewable resource and involves high economic
and environmental costs when such a resource is not locally available.
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Therefore, it is necessary to develop barriers made of renewable and/or recycled sources, which not only promote
leachate containment, but also enhance its in situ treatment and attenuation. The aim is to prevent two things: a) the
release of contaminants to reach soils and aquifers, and b) their accumulation in high concentrations. Such barriers
are timely and relevant for sustainable landfill design and groundwater remediation (reactive barriers), considering
the forecast of waste generation increase (70% by 2050 [1]) and the number of landfills in Europe (150,000 to
500,000 from which about 90% are old unlined ones which will soon require remediation measures [3]).
Biological barriers (bio-barriers) have been applied to the remediation of contaminated groundwater [4] [5] and
wastewater treatment [6] by using permeable media with attached microorganisms (biofilms) which enhance the
biodegradation of contaminants and/or their transformation into less toxic or less mobile oxidation states.
Nevertheless, few studies evaluated their performance in landfill liners and they just focused on media clogging [7]
[8] [9] [10] without evaluating the associated decrease in contaminants concentrations, the geochemical processes,
the biofilm formation and maintenance, or the barrier behavior under different physicochemical, moisture and
temperature conditions. Therefore, several knowledge gaps still need to be approached before the technology can be
implemented.
In this sense, bio-barriers would differ from the barriers conventionally used in landfill design: they permit not only
partial leachate containment through clogging, but also its treatment through biological and physicochemical
processes which sorb, precipitate or degrade contaminants. Differently, conventional landfill liners consist of
impermeable material which is projected to prevent leachate from draining through it.
The bio-barriers are formed by the adhesion of surface biofilms and the deposition of salts within a support material,
causing biological clogging of the porous medium. Since biofilms are already formed in landfill structures [11], a
novel liner design would take advantage of this natural occurrence, especially considering the biofilm-forming
bacteria existing in leachates. In this case, as the leachate collection system would be above the bio-barrier, the
clogging would not affect the drainage of leachate (Figure 1). Therefore, by adopting a bio-barrier between the liner
and the drainage system, it would be possible to: a) reduce the flow of leachate which actually reaches the liner (since
the natural clogging of the bio-barrier would reduce its permeability); b) reduce the contaminants concentrations
reaching the liner, as physicochemical and biochemical processes would enhance their attenuation. Both processes
would protect soils and groundwater from leachate leakages due to liner’s failure, and could enable the reduction of
the partial thickness of the clay liner and/or a longer operational lifetime.

Figure 1. Conventional and proposed innovative landfill design.

The proposed bio-barrier will be made of mixtures of construction and demolition fine aggregates and plastic waste to
promote the re-use of waste in a circular economy perspective and enhance biofilm adhesion [12] [13] [14], reducing
the layer’s permeability (clogging) and promoting biological attenuation (degradation, (bio)sorption, microbialmediated precipitation, bacterial uptake) of contaminants. Such a layer would function as both biological treatment
and partial containment barrier in a novel bio-barrier/bioreactor landfill design approach. In this regard, several native
microbial communities or consortia could be applied to promote different contaminants retention, since biofilm
formation has already been reported in landfill environment [7] [9] [10] [11]. The contaminants of greatest concern in
leachates would be attenuated by the bio-barrier through the processes of biodegradation (organic matter),
sorption/biosorption (heavy metals, ammonium), bacterial uptake (ammonium), and precipitation (salts, heavy
metals). The microbial community developing in plastic waste has promising biodegradation potential [12].
Additionally, organic matter and nutrients naturally present in leachate could permit the biofilm maintenance over
time, and no geotechnical or structural effects due to biofilm development are expected to occur [15].
In this regard, the proposed project will: 1) develop bio-barriers for landfill design, combining fine aggregates,
plastic waste and biofilm-forming bacteria to promote reduction in the barrier permeability and attenuation of
contaminants; 2) verify the long-term performance of these new designs for representative conditions, and 3)
develop guidance for implementation. Fine aggregates and plastic waste are recyclable, locally available, and low
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cost materials that function as support for bacterial attachment. Complementarily, bacteria will form biofilms in such
support (with different characteristics depending on the mixtures and operational conditions) which will reduce the
layer’s permeability and enhance microbial-mediated reactions.
These bio-barriers (BioBar) have not been tested on a quantitative basis for landfill barrier design. The efficiency
of fine aggregates mixed with plastic waste and biofilm-forming bacteria to attenuate pollutant concentrations
under anaerobic conditions, through the combination of permeability reduction and biological treatment is
unknown. This joins innovative biofilm engineering and geochemical concepts. The effectiveness of the developed
bio-barrier could permit the reduction in the clayey liner thickness, in a multiple-barrier, renewable and
sustainable design approach.

2. MATERIALS AND METHODS
The experimental set-up is composed of two stages. In a first stage, column barriers (approx. 100 mm-diameter x
1000 mm-long) will be filled with mixtures of fine aggregates and polypropylene plastic waste at the Universidad
Autónoma de Madrid (UAM). Fine aggregates and plastic waste samples will be crushed/shredded to compose
mixtures of 0, 25, 50, 75, and 100% of plastic waste. The columns will be equipped with sampling and piezometer
ports along the length of the flow-path (Darcy experiment, Figure 2). Leachate samples from sanitary landfills
receiving different waste compositions will be used both for inoculation of biofilm-forming bacteria and performing
permeability experiments. Hydraulic conductivity will be monitored over time (~3 months, or until permeability
reduction occurs), and the best conditions for permeability reduction will be selected at the end of the experiment.
Replicates and control columns (water leaching through bio-barrier) will be also evaluated. Biofilm samples will be
collected for high throughput sequencing (HTS), fluorescence (FM) and confocal microscopy (CM) analyses, to be
performed at the University of Copenhagen.

Figure 2. Experimental setup.

In a second stage, the selected columns will be permeated with different leachates in permeability columns under
conditions representing climate change effects (different temperatures: 10, 30, and 40°C), different hydraulic heads
(1, 2, 5, and 10 m) and intermittent (semi-arid weather) or continuous (wet weather) feeding). Leachates will be
spiked with a suite of heavy metals at concentrations representative for landfill leachates (<1 mg/L). Replicates and
control columns (water leaching through bio-barrier) will be also evaluated. Monitoring of hydraulic conductivity and
sampling of permeates to perform physicochemical analysis will be undertaken at Autonomous University of Madrid
to evaluate pollutants diffusion and attenuation through the barrier (major ions through ion cromatography (IC);
metals through ICP-MS, with detection limit of ~10-3 mg/L; pH, electrical conductivity, and Chemical Oxygen
Demand, COD). Biofilm samples will again be collected for HTS, FM and CM analyses, contributing to biofilm
engineering. The possibility that the plastic waste may be (bio)degraded or released is considered in the experimental
setup and alternative materials will be used if this occurs.
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The biofilm engineering within the experiment set-up (from first and second stages) will be studied to enable the
development of guidelines for bio-barrier design. Geochemical and flux modelling with PhreeqC and ModFlow (open
source softwares) will be used to interpret the results of physicochemical analysis, evaluate reversible reactions,
develop conceptual models of pollutants transport and attenuation through the barrier, and develop quantitative
descriptions for the design of bio-barriers. Conditions simulating different bio-barriers configurations will be
evaluated to permit the reduction of clay liners thicknesses.

3. EXPECTED RESULTS
The BioBar project is aiming to: 1) develop bio-barriers for landfill design by combining fine aggregates, plastic
waste and biofilm-forming bacteria to promote reduction in the barrier permeability and attenuation of contaminants;
2) verify the long-term performance of these new designs for representative climate change conditions, and 3)
develop guidance for implementation. The effectiveness of the developed bio-barrier could permit the reduction in
the clayey liner thickness, in a multiple-barrier, renewable and sustainable design approach.
The project is innovative considering that the research field currently focuses on waste containment using nonrenewable materials (clays or geomembranes) on the one hand, and on collection and ex situ treatment of leachate or
contaminated groundwater separately on the other hand. Few studies have been conducted focusing on the
development of bio-barriers applied to landfill design, and several knowledge gaps still exist about biofilm
engineering, and association of biofilm-forming bacteria with biochemical processes, such as sorption and redox
reactions causing metals precipitation. Long-term behavior considering landfill conditions were not studied, and the
use of waste (fine aggregates and plastic waste) as supporting material for biofilm attachment has not been evaluated.
The possibility to enhance treatment inside the landfill, and not only isolate it, and to apply the concept of reactive
barriers within landfill design is innovative. Additionally, most studies focused on one biofilm-forming species
(Escherichia coli); however, many other species exist within landfill environments, and could be associated with
metals biosorption and precipitation through microbial mediated redox reactions. The project will identify promising
biofilm-forming bacteria that could be potentially applied to the landfill environment, and find the requirements for
biofilm development and maintenance. The project will also find the geochemical conditions that enhance the biobarrier performance (e.g., redox conditions and electron acceptor availability that propitiate metals precipitation and
thus enhance clogging and metals immobilization).
Additionally, the project will develop a new bio-barrier concept applied to landfill sustainable design, giving
guidelines for implementation. The economic impacts are associated with the reduction of landfill costs due to the use
of lower cost and locally available materials, as well as to the incorporation of microbiological/natural processes to
reduce leachate’s contaminants concentrations. The results can also permit partial substitution of clay liners. The
technological impacts are related to the proposal of a more sustainable landfill design, which incorporates recycled
materials (circular economy) and microorganisms (biotechnology) to reduce pollutant concentrations to reach the
liners and to be collected by the leachate collection system. Additionally, the project will contribute to the
development of biofilm engineering with environmental applications, which is not restricted to landfill design, but
can be also used in groundwater remediation projects and wastewater/aquaculture/irrigation ponds and sludge beds.
The early contact with relevant actors will permit the development of a project which incorporates their needs and
expertise. Target groups are companies working with waste management, landfill design, biotechnology, and
biofilms.
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ABSTRACT
Leachate, which is one of the most important problem arising from sanitary solid waste landfills, reaches
the bottom by leaking from solid waste and has high pollution. The leachate collected from the drainage
system at the bottom of the landfill should be treated by undergoing appropriate physical, chemical, and
biological treatments and by choosing the most appropriate treatment system, in order to meet the
discharge standards given in the Water Pollution Control Regulation. Different treatment methods are used
for the treatment of leachate.
The objective of the study is treatment of leachate to access discharge criteria to the receiving environment.
The treatability of leachate taken from the Denizli Metropolitan Municipality Solid Waste Landfill has been
studied in a three-stage hybrid system. In this system, as a first step, a cylindrical upflow anaerobic sludge
blanket reactor (UASB) made of stainless steel was used with a diameter of 15 cm and a length of 100 cm.
A continuous stirred tank reactor (CSTR) made of stainless steel with a volume of 3 l is positioned at the
exit of the UASB. Afterwards, treatment was carried out in a pilot scale constructed wetlands reactor. At
the end of each stage, chemical oxygen demand (COD), biochemical oxygen demand (BOD), pH, and
temperature parameters were examined. The amount of gas formed in the UASB reactor and the percentage
of methane were measured. Heavy metal analyzes were made in the final effluent.
Keywords: aerobic treatment, anaerobic treatment, leachate, artificial wetland

1. INTRODUCTION
It is known that solid waste amount has increased significantly in recent years. The reason of increase is as a
result of the increase in population and the rise in living standards. Solid waste should be kept under control in
terms of environmental pollution and properly managed in terms of sustainability [1, 2]. These wastes must be
disposed of in a way that does not affect the environment and public health.
The most significant issue in landfills is highly contaminated leachate [3]. Leachate has a very high pollution
load, is very expensive and difficult to deal with, and has important impacts on society and the environment.
Advanced treatment technologies are suitable for treatment of leachate. Especially, membrane treatment
method is used after physical treatment. However, the membrane methods used are challenging and expensive
in terms of functionality.
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Artificial wetland systems are widely used to treat domestic waste water in Turkey. They are also called
constructed wetlands. Artificial wetlands offer low-cost alternative wastewater treatment technology. Artificial
wetland systems are used for physical and biological treatment method for low pollution content. But it can be
used as a final process for treating highly polluted wastewater such as leachate.
In this study, the treatment of leachate, which is difficult to treat and has a very high organic pollution load, is
to be treated with artificial wetland treatment method after traditional methods. It will be checked whether it
will meet the discharge standards of the receiving environment.

2. MATERIALS AND METHODS
2.1. Reactor Systems
For the treatment of leachate, the laboratory scale reactor system shown in Figure 1 is used. 6 L of treatment
sludge supplied from the anaerobic sludge tank of Denizli Domestic Wastewater Treatment Plant was loaded
into the upflow anaerobic sludge blanket reactor (UASB). For the start-up period, the first synthetic wastewater
(medium) formed with glucose with a COD of 2000 mg/L was prepared. The entrance to the reactor from the
medium was provided by a peristaltic pump. The system was put into operation after the last connection and
controls. The start - up period of the UASB reactor took a total of 40 days. In the first 7 days of the start- up
period, the hydraulic retention time (HRT) in the USB reactor was selected as 3 days. The reactor started to be
fed directly with leachate after the USB reactor was acclimated to leachate, gas formation was observed, and
the COD removal efficiency increased.

Figure 1. The reactor system used in the study

With the COD removal efficiency reaching approximately 60%, the UASB reactor started to be fed real
leachate. 10 L of inoculum sludge was added to the aerobic reactor. The aeration pump was adjusted to aeration
of approximately 27.36 m3 /day and the reactor was put into operation with full mixing.
Reactors used in other studies for artificial wetland treatment were investigated and the bed part was prepared
using sand, gravel and iron powder. As a plant, the reed plant was preferred due to its easy accessibility and
efficiency. Plant obtain from Denizli wetland treatment plant. The reed plant was allowed to grow unharvested
during the study period. HRT was adjusted to 5 days during the study period.

2.2. Analytical Methods
During the operation of anaerobic, aerobic and artificial wetland treatment reactors in the project study, COD,
BOD, Alkalinity, VFA NH4-N, pH, heavy metal analyzes were made in the leachate. In addition, gas
measurements formed in the anaerobic reactor were also performed.

3. RESULTS AND DISCUSSION
3.1. COD Change in Anaerobic, Aerobic and Artificial Wetland Treatment Reactors
COD concentrations of leachate can only be removed by a series of reactor systems. COD concentrations in
feed water and the anaerobic reactor outlet are shown in Figure 2. COD concentrations in aerobic reactor are
shown in figure 3. And figure 4 shows artificial wetland reactor.
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Figure 4. Variation of COD concentrations in aerobic outlet and artificial wetland treatment reactors

The removal efficiencies show that the anaerobic UASB reactor is effective in COD removal. Initially, the
efficiency of the aerobic reactor is low. With the acclimation of aerobic microorganisms to the leachate over
time, the COD removal efficiency of this reactor increased considerably. The COD removal efficiency, which
was 69% at the beginning at HRT=1.2 g, increased in a short time, reaching 95%, and 99% COD removal
efficiency was achieved in the last period.
Although the COD removal efficiency was 14% in the artificial wetland treatment reactor at the beginning, the
COD removal efficiency increased to 63% in the last period.
In the last period, the COD concentration was purified by 99.8% and decreased to 52 mg/L and provides the
discharge standards for the receiving environment.
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3.2. Change in BOD5 in Anaerobic Reactor, Aerobic Reactor and Artificial Wetland Treatment
Reactors
BOD and COD are indicators of the organic content of the leachate and the biodegradability of organic
materials, while the BOD/COD ratio is an indicator of the stabilization of the landfill. The low BOD/COD ratio
indicates that the amount of hard-to- degrade organic compounds in the leachate is high. (Kose et al ., 2020).
BOD5 concentrations according to the organic loading rate (OLR) in anaerobic, aerobic and artificial wetland
reactors are given in Figure 5.
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Figure 5. BOD5 output concentrations according to OLR in anaerobic, aerobic and artificial wetland reactors

Although the value of BOD5 was around 560 mg/L in anaerobic treatment in the last period, this value
decreased to 20 mg/L after artificial wetland treatment. After artificial wetland treatment, the BOD5 removal
efficiency was determined to be around 96%. Obtained approximately 94% BOD removal efficiency in leachate
treated with S. Sumantrensis in his study in 2002 [5]. In another study, Provided 92% BOD removal efficiency
in the treatment of leachate with Phragmites australis in a constructed wetland with vertical flow. In our study,
this value is around 60% in artificial wetland treatment [6].

3.3. pH Values in Anaerobic Reactor, Aerobic Reactor and Artificial Wetland Treatment Reactor
pH is an important parameter as it affects the growth of anaerobic bacteria at all stages of anaerobic treatment.
The optimum pH for anaerobic treatment is between 6.6 and 7.6 [7]. The pH value should be between 4.0 and
6.5 for the hydrolysis and acidogenic stages, and approximately 7.0 for the methanogenic stage. Generally
speaking, it is stated in the literature regarding pH values of leachate that it varies between 5.3 and 8.5, and the
average value is 6.
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Figure 6. pH change in anaerobic, aerobic and artificial wetland treatment reactors according to the experiment day
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Within the scope of this project, the pH concentrations measured in the anaerobic reactor vary between 6.06
and 8.02. While these values are in the range of 8.5-9.58 in the aerobic reactor, the pH values in the artificial
wetland treatment reactor vary between 7.15 and 7.50.

3.4. Cumulative Gas, CH4 Formation and Percentage in Anaerobic Reactor
Figure 7 shows that a total of approximately 42.5 L of gas was generated during the operation process. Methane
gas measured at the beginning of the study period is thought to be produced by hydrogen-consuming methane
bacteria. As the COD removal efficiency increases, the percentage of methane formation also increases. The
amount of methane and the percentages of methane are shown in Figure 8. As can be seen in the figure, methane
formation has reached levels of 50-55%.
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Figure 8. The amount and percentage of methane according to the test day

3.5. VFA, Alkalinity and pH Changes in Anaerobic Reactor
The volatile fatty acid (VFA), alkalinity, and pH values were measured at each hydraulic rate time in the
anaerobic reactor. Changes in these values are shown in Figure 9.
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Figure 9. Changes in VFA, alkalinity, and pH according to OLR in anaerobic reactor

Concentrations of VFA increase in parallel with the increase in OLR. In anaerobic systems, the appropriate
amount of alkalinity (1000-4000 mgCaCO 3) protects the system against sudden increase in volatile acids and
decreased pH [8]. In our study, alkalinity is among these values. For VFA, the values are requested to be
between 1000-1500 mg / L in the literature [7], which is slightly exceeded in our study.

3.6. NH4-N removal in Anaerobic Reactor and aerobic reactor

NH4-N CONCENTRATİON (mg/L)

NH4-N concentrations according to days in leachate feeding, anaerobic, aerobic, and artificial wetland
treatment reactors. It is shown in Figure 10.
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Figure 10. Change in NH 4 -N concentrations in leachate feed, UASB and artificial wetland treatment reactors

The concentrations of NH 4 -N loaded into the anaerobic reactor are between 230-472 mg/L. As can be seen in
Figure 10., the NH 4 -N values in the anaerobic reactor are close to the input values. A serious decrease in
aerobic NH 4 -N concentrations with aerobic treatment and artificial wetland treatment. In the anaerobic
environment, the bacteria use a small part of the ammonium concentration in the reactor, and the rest leaves the
reactor. It converts to NO 2 -N and NO 3 -N in aerobic environment. The NH 4 -N efficiency, which was between
11-20% in the anaerobic reactor, reached 96% in the aerobic reactor. With artificial wetland treatment, 90%
NH 4 -N removal efficiency was obtained.

3.7. Heavy Metal Removal in Artificial Wetland Treatment Reactor
The removal of heavy metals in leachate has great importance. While Fe is found between 50-1200 mg/L in
young deposits, this value is in the range of 20-200 mg/L in old deposits [9]. In Figure 11, the output values of
heavy metals are given in the leachate after the artificial wetland treatment reactor.
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In our study, 97.4% Fe II+III, 95.8% Ni removal and 97.7% Cr removal were achieved by using reeds in the
artificial wetland treatment reactor.

4. CONCLUSION
Water resources are being depleted due to climate change in the world and the increase in global warming day
by day. Therefore, the reuse of treated wastewater plays a very important role in protecting water resources.
In this study, it has been used artificial wetland treatment after traditional methods for landfill leachate, which
is frequently used in the treatment of domestic wastewater. The start-up period of the anaerobic reactor lasted
40 days, and the operation period lasted 240 days. COD was loaded into the anaerobic reactor at concentrations
ranging from 2000 mg/L to 30000 mg/L. Although the efficiency of COD removal in anaerobic treatment was
96%, this efficiency increased to 99% in aerobic treatment. In the artificial wetland treatment reactor, it is 63%.
COD value was 500 mg/L according to the WPCR receiving environment discharge standard. At the end of our
study, the COD was treated from 30000 to 50 mg/L. Ammonium nitrogen is converted to nitrite and nitrate
nitrogen in the aerobic phase. Ammonium nitrogen removal in the aerobic reactor was 96%, and at the end of
the pilot scale artificial wetland treatment reactor, ammonium nitrogen was treated up to 1.3 mg/L with 90%
efficiency. Although the pH range is 6.0-9.0 according to discharge standards to the receiving environment, in
our study, the pH range after artificial wetland treatment varies between 7.15 and 7.50. The removal efficiencies
of Fe, Ni and Cr of heavy metals, which are found in large amounts in leachate, are difficult to treat and very
dangerous for the environment, are 97.4%, 95.8%, and 97.7%, respectively, and comply with the receiving
environment discharge standards.
As a result; this indicates that the leachate is highly polluted and has the potential to contaminate groundwater.
Artificial wetland treatment systems are a form of treatment that should be considered and evaluated for Turkey.
Artificial wetland treatment systems can also be preferred as an advanced treatment, especially after classical
treatment systems.
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Sudy of Factors Influencing Leachate
Characteristics Before Treatment
Fatma Zohra Derias1
Abstract
The problems of disposal, treatment, and general management of municipal waste in developing countries
remain crucial. With demographic evolution, forced urbanization, and the improvement of the standard of
living of each country, the quantity of urban waste produced does not stop growing. Whatever its mode of
operation, a technical landfill can be a source of several sources of nuisance: odor emissions, production
of biogas, and above all production of large quantities of leachate. New leachate treatment techniques have
appeared such as membrane processes, biological processes, and Physico-chemical processes. However,
the effectiveness of these processes on an industrial scale is limited, mainly because of the high polluting
load of the leachate concerned and the instability of the leachate in terms of quality which is due to several
factors such as seasonality, and the leachate age. The Hassi Bounif leachate treatment plant, located in the
wilaya of Oran, Algeria, has been failing since 2017 only after a few months of its commissioning. With the
overall objective of restarting and optimizing the performance of the Hassi Bounif leachate treatment plant,
it was necessary to study the factors influencing the quality of leachate and their mode of influence.
The objective of this work is to determine the physicochemical characteristics of raw leachate according
to its age and according to meteorological parameters.For this, several leachate samples were taken from
04 recovery basins with a deferred age: young, intermediate, and stable for two seasons. The main
characteristics analyzed are density, pH, conductivity, temperature, BOD, COD, total nitrogen and heavy
metals, and micropollutants.
The results showed that:
1. The young leachate is acid unlike the intermediate leachate and stable leachate which are basic. It is
denser, its conductivity is higher, and the temperature at the surface of the young leachate basin is higher,
on the other hand, its biological oxygen demand is the lowest, which is explained by the aerobic chemical
reactions at the surface. and that the microorganisms have not yet come into play.
2. The season has an impact on the leachate quality; in the dry season, the leachate is less dense than in
the wet season, the pH and conductivity values are high in the dry season compared to the wet season, and
the surface temperature of the liquids depends on the ambient temperature and the leachate age,
The results of this work show the importance of controlling the characteristics of leachate according to its
age and seasonality as well as other factors such as homogenization before opting for any leachate
treatment technique, This will allow better operation of the treatment facilities.
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EXTENDED ABSTRACT
Over the next few decades, the requirements for material and energetic utilization of biomass will
considerably increase due to the energy revolution and the establishment of a bio-based economy in
Germany. Sustainability assessments, conflicts of uses, the intelligent linking of value chains as well as the
coupling of industrial sectors are just some of the fields that need to be worked on in this context. As a highly
developed and research-driven industrial country, Germany has a special responsibility in the field of biomass
use.
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Figure 1. Biomass is a limited resource for food, material use and for energy production (DBFZ 2020)

In many technology sectors, such as energy and resource efficiency, renewable energies and the bioeconomy,
German players rank among the world leaders in economy, research and politics. Against this background, it
is a crucial challenge on how to implement the energy transition and the establishment of a bio-based
economy. A prerequisite for opening up to international markets is a successfully demonstration of the
applied technologies and systems of the leading industrial companies in one's own country. For a climate
neutral world we need a 100 % renewable energy system and a real circular (bio)economy (figure 2).

Figure 2. A climate neutral world need a 100 % renewable energy system and a real circular (bio)economy
(DBFZ 2020)

Limited resources and diverse demands create new challenges for the use of biomass in the energy systems.
Therefore, the development of technological innovations that can utilize a broad range of biomass in a highly
efficient and flexible manner gains more and more importance. At the same time, these technologies have to
meet the highest standards of climate and environmental protection and need to be competitive in the long
term. The aspired high flexibility of the energetic use of biomass enables an optimal connection to changing
energy systems. Bioenergy can stabilize or complement a decentralized energy system, which depends partly
on fluctuating environmental factors (weather). Prerequisite is the information-technologically supported, i.e.
"smart" embedding in the energy system. In the future, instead of focusing on the individual plant, the focus
must be on its system integration.
In the last 20 years, the share of renewable energies in the primary energy consumption in Germany has
increased to about 16% in 2021. About 60% of renewable energy is currently provided by biomass.
Bioenergy plays a dominant role in the individual segments (status 2021): 21% of the gross electricity
generation stems from renewables, about 86% of the renewable heat and 87% of the renewable fuels are
based on biomass.
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Figure 3. Primary energy consumption and the share of renewable energy in Germany 2021

The strength of bioenergy lies in the flexible and demand-based production as well as in the provision of heat
at high temperature ranges, which is needed e.g. for industrial processes. In the electricity markets, bioenergy
is able to cover the gaps when fluctuating sources such as wind or solar radiation are not available. However,
a prerequisite for this is a high degree of flexibility of the conversion systems. In addition, bioenergy carriers
can be stored at low costs. In bio refineries, biomass can provide continuous and climate-neutral process
energy.
The efficient use of biogenic waste and residual materials has great potential. An important basis for deciding
on their use is a comprehensive overview of the available resources and their current use. Optimized
utilization of residues and waste, as well as the usage of new waste streams from biomass processing, and the
closure of nutrient cycles open up additional value-added potentials for intelligently integrated bioenergy
processes.
In the last years the Deutsches Biomasseforschungszentrum (DBFZ, the German Centre for Biomass
Research) collected, standardized and compared data from various sources on biogenic residues and waste
(figure 4). Data on the theoretical and technical biomass potential and their current use for > 90 individual
biomasses were evaluated and a database for biogenic residues has been developed. Based on the gathered
information, a theoretical biomass residual material potential of 239 million tons of dry matter is available.
More than 70% of the residual material originates from agriculture, wood industry and forestry. As an
important result of the study, an annual technical potential of approx. 1,000 PJ of biogenic waste and residual
materials was identified for Germany. This would correspond to around 7% of today's primary energy
demand in Germany. If the energy transition is implemented as planned in the coming decades, a significant
reduction in final energy consumption is predicted. The expansion of the bio-based economy and the
increased use of renewable carbon are expected to lead to increasing volumes of biogenic waste and residues.
According to estimates, about 10 to 15% of the final energy required in Germany could be generated from
biogenic waste and residual materials in the long term.

Figure 4. Resource base: biogenic waste and residues in Germany (DBFZ 2019)
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When designing the (future) use of biomass, including biogenic waste and residues, a variety of
objectives must be evaluated and reconciled. In addition to food security, security of supply in
terms of energy sources and electricity, innovative products and new markets for the targeted bio
economy, this concept further has to consider climate and environmental protection as well as the
development of rural areas (figure 5).

Figure 5. Biobased products and energy fuels – targets and sectors (DBFZ 2018)

However, conflicting goals and limits of sustainable biomass use inevitably arise. These include, among
others, land use and usage competitions ("food vs. fuel" or more specific “food vs. feed”), questions of
environmental impact (biodiversity and indirect emissions) or economic efficiency. As a contribution to
climate protection and long-term security of supply, numerous measures to support the corresponding
expansion of renewable energies have already been successfully launched in the course of the German energy
transition. However, in order to make technology developments attractive for investors, predictable
conditions are necessary for a flexible, low-emission and efficient provision of bioenergy. Technological
innovations in this complex system are very important, but not sufficient. Innovations that enable technical
progress, but also intelligently link the relevant sectors in the system, are also needed at a social level. This is
underlined by the urgent demand for increasing energy efficiency and reducing the energy demand for a
successful energy transition.
The smart bioenergy includes the further development of modern biomass utilization systems towards
integrated systems. These consist, on the one hand, of an optimal interaction with various renewable energy
sources and, on the other hand, of the coupled material-energy use in the context of the bio-economy. The
sustainability assessment requires comprehensive criteria and standards across all types of biomass. In
addition to questions on availability and the necessary raw material qualities, the origin and the associated life
cycle of the raw materials must be clarified. The decisive factor here is the distinction as to whether the
considered resource was a residue or co-product of a specified product, or whether it was cultivated
specifically for energy purposes. The basis for the successfully implementation of the smart bioenergy
concept are intelligently integrated technologies under consideration of a sustainable system.
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Abstract
Recycling of food and beverage wastes generated as a result of domestic use, instead of being thrown into
the garbage cycle, is of great importance in terms of both protecting the environment and minimizing
other environmental pollutants. The development of technology and industrial sector distribution and the
increase in the world population lead to the formation of significant amounts of food waste/food waste
globally. Under normal conditions, food waste is allowed to decompose in the natural process, but in this
case it will cause environmental pollution (leaking water, increase in flies/insects, odor, climate change
effect etc.). New applications are being developed both to prevent this situation and to ensure the disposal
of waste with waste. Conversion of food waste into energy (biogas, methane) and evaluation as an
adsorbent/biosorbent in wastewater treatment are the most important ones. In this review study, the
status of food waste, its definition and its applications in two fields are examined. In line with this scope,
studies focusing on food wastes, which do not cause pollution as a result of their use, have been evaluated
in recent years. The use of waste material in pollutant removal and keeping this concept in the
foreground is increasing day by day.
Keywords: Adsorption, Adsorbent, Energy, Environmental effect, Food waste

1. INTRODUCTION
Food waste constitutes the largest percentage of materials sent to landfills every year in all countries of the
world [1]. However, these wastes are not just wastes that come out as a result of eating and drinking habits.
Food wastes can also be released in the cycle of collecting, transporting and distributing food. According to
EPA data, food waste has a 25% share in domestic solid waste characterization and this rate is higher than all
solid waste groups [2]. Food waste is an important problem such as pandemics, climate change and
population growth, and directly affects the economy, people and ecosystem [3]. The most basic and simple
solution to this problem is on the basis of all sectors (houses, markets, restaurants, food processing sector,
etc.) in the concentration of food waste released. The initial step towards minimizing food waste is to carry
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out the evaluation of food waste. With this evaluation, people can take control of their eating habits by
learning what they throw away and by making a cost analysis. They can also reduce the water and energy use
and greenhouse gas emissions associated with food production. EPA has tried to find a solution with the
"Food Recovery Pyramid", especially in the evaluation of food waste. At the beginning of the pyramid, waste
generation is controlled by resource reduction (see Figure 1). Although the change in food consumption
behavior at home on a social scale contributes positively to the formation of food waste, this change is quite
difficult. In particular, the inequality in access to food and food costs in developed and underdeveloped
countries affect consumption behaviors negatively. In recent years, cooking programs, advertisements and
internet sharing and mentioning food waste have emerged as alternatives in terms of waste minimization in
many countries [4, 5]. However, these parameters cannot prevent the increase in the amount of food waste
and going directly to the garbage. Eaton et al. [6] evaluated the potential costs and benefits of food waste in
the Bristol region and the main socio-environmental effects of household food waste.

Figure 1. US EPA's food recovery pyramit [3, 7].

Food is an important parameter for all living things and especially humans. Most of the food consumed in the
food chain cycle is lost in the cycle. However, this has a negative effect food waste; it consists of organic
waste from a variety of sources, including agricultural production activities, food production/processing
facilities, kitchens and restaurants. According to the 2021 Food Waste Index Report published by the United
Nations Environment Program (UNEP), approximately 17% (931 million tons) of available food is dumped in
landfills by consumers, food/beverage industries, and distribution/marketing industries [8]. According to the
report of the Food and Agriculture Organization (FAO), it is stated that it is inevitable that 1.3 billion tons of
food, which is currently lost, will increase in 25 years [9]. Figure 2a shows the food waste distribution in %
from production to consumption [10]. Figure 2b represents the regional distribution of total fruit and
vegetable waste from production to consumption [11, 12]. The causes of food waste and waste differ from
one country to another in terms of parameters such as production problems, food supply, socio-economic
status, geography, consumption habits [13].
Wastes from fruits and vegetables, which are the most consumed and released after consumption in all
countries, are equivalent to ≥ 42% of total food waste [11]. Food plays a key role for the continuation of
human life and the ecosystem cycle. Almost every year, 1.3 billion tons of food produced on a global scale is
either wasted or thrown away, and this situation is increasing day by day [14]. Of the total food waste
generated as a result of consumption, 20% is production waste, 1% is processing waste, 19% is distribution
and 60% is from social living areas [11]. It has been observed that in different countries such as China
(52.6%), USA (25%), Bangladesh (75%) and France (32%), the total solid waste generated is high in terms of
food waste share, and this share causes environmental problems [15]. In Table 1, the regional and continental
per capita food waste estimates are evaluated according to the 2021 Food Waste Index Report [16].
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Figure 2. Global food waste distribution from production to consumption (a) [13]; the regional distribution of total fruit
and vegetable waste from production to consumption (b) [11].

Table 1. Data on household food waste distribution from surveys from different regions of the world [16].
Country name
Ethiopia
Ghana
Kenya
Nigeria
South Africa
Tanzania
Zambia
Australia
Bangladesh
China
India
Indonesia
Japan
Malaysia
New Zealand
Pakistan
Sri Lanka
Viet Nam
Bahrain
Georgia
Iraq
Israel
Lebanon
Saudi Arabia

Africa
Food waste estimated (kg/person)
92
86
176
189
134
142
78
Asia and Pacific
102
74
150
73
77
64
112
61
88
118
85
132
101
163
105
105
105

Country name
Austria
Belgium
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Luxembourg
Malta
Netherlands
Norway
Poland
Spain
Sweden
England
Brazil
Colombia
Mexico
Canada
America

Europe
Food waste estimated (kg/person)
39
50
83
78
67
85
75
142
94
55
67
91
129
50
79
56
78
81
77
Latin and North America
60
70
94
79
60

Today's negativities (COVID-19, climate change, water-air-soil pollution, food scarcity, etc.) are driving
people to different quests. In particular, effective use of domestic food waste can be brought to the fore for a
more environmentally friendly, cheaper and sustainable world in terms of environmental pollution. In line
with this purpose, scientists have been doing a lot of research and the use of it in many fields (health and
cosmetics sector, soil improvement, fertilizer, food supplements, bioactive compound etc.) has come to the
fore [17]. This study focuses on the evaluation of food waste as an adsorbent in the energy sector and
wastewater treatment. This review highlights that food waste, which is actually ignored and called garbage,
can turn into a valuable product. For this reason, adsorption studies with some specific food wastes are
presented in the study.
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2. MATERIALS AND METHODS
In this review, scientific studies of the last 10 years (2010-2021) accessed from different databases (Scopus,
Science direct, Wiley, Springer, Google Scholar, etc.) in a 3-month period (15 February 2022 -15 May 2022)
were examined. For this purpose in databases “food waste” OR “fruit/vegetable waste” OR “kitchen waste”
OR “household waste” OR “agricultural waste” AND “energy” OR “biogas” OR “biofuel” OR “adsorption”
OR “adsorbent/biosorbent” OR keywords such as “wastewater treatment” were searched (see Figure 2).

Figure 2. Word clouds: the most frequently used words and terms [3, 18]

2.1. Definition of food waste
There is a general distribution of food in the world. In particular, the two most important factors in
distribution dimension are geography and food chain. Food is a substance consisting of edible and inedible
parts, and food waste is defined as the inedible parts of food. Food waste is mostly of domestic origin (see
Figure 3). Also, a similar term to food waste is food loss. Briefly, food loss is the loss, deterioration, decay,
etc. of food on a sectoral scale (production, storage, processing, distribution, etc.) refers to the food released
as a result of situations. In fact, food waste and food waste generation are similar. In line with their
consumption habits, people throw every waste into the garbage. However, if they do their separation at home,
food waste is also minimized and the evaluation of domestic food wastes becomes easier. In particular, in
recent studies, life cycle analyzes and water, electricity, labor, etc. parameters were evaluated together with
the concepts of sustainable economy and environmental pollution control [19, 20].

Figure 3. Domestic food waste with different content released on a global scale [21].

3. RESULTS AND DISCUSSION
3.1. Converting food waste into energy
Food wastes, in which fruit and vegetable wastes are in high concentrations, have a great potential in terms of
energy production [22]. In particular, food waste, which is seen as a limited resource and thrown into landfills
in today's conditions, will be a new alternative to the energy sector. Evaluation of these wastes in the field of
energy minimizes environmental risks originating from fossil fuels, supports the protection of natural
resources and has a positive effect in terms of one health (human-plant-animal and ecosystem holistic health)
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[11, 23]. For this reason, different technologies should be used that reveal the potential of food waste, which
is in the status of possible raw material. In recent years, landfills [24-27], composting [25, 28-30], anaerobic
digestion (methane, biogas etc.) [31-34] methods have been actively used in order to obtain energy from food
wastes (Figure 4).

Figure 4. Environmental recovery of food waste as food chain by-products [35].

3.2. Environmental impacts of food waste
This section provides an overview of the nature and extent of the negative effects of food-borne waste
diversity on humans and their environment. If we define the impacts: Greenhouse gas emissions and climate
change; water footprint; nutrient loss; ecological and economic effects (see Figure 5). Considering the
characterization of wastes that are classified as garbage; unconsumed foods (rotten, spoiled fruit/vegetables)
and food waste are the two biggest slices of the cake. The production of food that is discarded without being
eaten has a significant impact on the ecosystem in terms of energy, water footprint and cost [36]. Food wastes
in garbage bins and containers and landfills decompose and cause global warming with methane production.
On a global scale, the contribution of food waste to total greenhouse gas emissions varies between 7-10%. In
particular, the emission of less harmful CO2 instead of the emitted methane could be achieved with recovery
techniques. The collection, transportation and disposal of food waste is another risk factor. Because, in the
triple process, exhaust emissions and fuel consumption contribute to climate change. CO2, CH4 and N2O are
greenhouse gases that affect global warming and climate change and are released into the atmosphere at all
stages of the food/food waste cycle (see Figure 6). In particular, more emissions are emitted into the
ecosystem as a result of soil remediation (for agricultural areas), emissions from livestock, and the
decomposition of waste food when dumped.

Figure 5. Flow of food waste in the food cycle [37, 38].
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Water is vital for all living things and is necessary for food production. The uncontrolled disposal of lost food
and food waste in the food production process causes negative pressure on different water resources. The
increase in food consumption along with population growth creates pressure on the ecosystem. In particular,
it manifests itself with effects such as loss of biodiversity and decrease in soil quality.

Figure 6. Climate change interactions with food waste as food chain by-products [39].

3.3. Adsorption process and biosorbent usage
Today, the intense levels of environmental pollution are attributed to sectoral developments and population
density. As both parameters continue to improve, alternative treatment methods and alternative materials are
being researched to reduce environmental pollution. In particular, due to the decrease in quality water
resources, the treatment and reuse of wastewater comes to the fore. For this reason, the economical and high
efficiency adsorption process has been preferred in recent years [40]. Scientists have turned to alternatives to
increase the efficiency of the adsorbent/biosorbent material in adsorption and reduce its cost. However,
instead of classical adsorbents such as activated carbon and clay, fruit and vegetable wastes are preferred
because they are easily available and their costs are equivalent to zero. The main reason for the preference of
especially food wastes is due to their structural (porosity, surface area, active ingredients etc.) properties.
Table 2 shows some specific properties of adsorbents determined based on other studies in the literature.
Table 2. Specific properties of tea waste, banana peel, egg shell and almond shell [41, 42].
Tea waste (%)

Banana peel (%)

Egg shell (%)

Almond shell (%)

Cellulose: 18
Hemicellulose: 40
Lignin: 37
Ash: 3.74
Moisture: 7.2
Carbon: 52.72
Hydrogen: 6.34
Oxygen: 38.15

Cellulose: 18-60
Hemicellulose: 17-40
Xylose: 12
Pectin: 10-20
Lignin: 16-31
Ash: 1.5
Moisture: 9.8
Protein: 5.13

Moisture: 0.46
Protein: 3.92
Ash: 94.61
Fat: 0.35
Calcium: 34.12
Magnesium: 0.29
Phosporus: 0.04
Sodium: 0.05

Cellulose: 30-51
Hemicellulose: 20-30
Lignin: 20-50
Ash: 99.2
Carbon: 44.80
Hydrogen: 7.10
Nitrogen: 0.43
Oxygen: 47.60

In addition, in adsorption studies using different food wastes, both the adsorption capacity of food wastes and
the pollutant removal efficiency were investigated in different wastewaters. Table 3 contains data from some
studies.
Table 3. Various studies researched to analyze the adsorptive capacity of different fruit/vegetable waste materials

394

Adsorbent/Biosorbent
Teabag wastes
Walnut shell
Banana peel
Plastic material
Egg shell

Optimum Conditions
pH: 5.25, dose: 0.5 g, t: 15 min
pH: 7.07, dose: 0.25 g, t: 15 min
pH: 6.0, dose: 1.0 g, t: 20 min
pH: 6.23, dose: 2.0 g, t: 45 min
pH: 5.97, dose: 1.0 g, t: 10 min

Efficiency %
76
87
82
78
91

qe (mg/g)
7.61
3.54
92.59
5.60
9.00

Waste black tea

pH: 4.0, dose: 1.0 g, t: 10 min

88

9.14

Waste green tea

pH: 4.0, dose: 1.5 g, t: 15 min

83

8.56

Waste red tea

pH: 2.0, dose: 3.0 g, t: 45 min

73

5.12

Pumpkin seed shell
Walnut shell

pH: 5.13, dose: 2.0 g, t: 5 min
pH: 4.0, dose: 1.0 g, t: 5 min

88
99

12.61
9.91
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4. CONCLUSIONS
While the evaluation of food waste is important in terms of both impact and added value, the researchers are
extremely low. In particular, the potential for economic/environmental sustainability and pollution treatment
with food waste has been studied in limited numbers. The existing waste management system needs to be
revised in accordance with today's problems and turned into a sustainable economy model. Energy
consumption and the corresponding pressures on the environment and climate are accompanied by many
unsustainable practices that humanity has adopted in the past and are still present in the energy system.
"Helix, SIMPLE, Resilience.Io etc." other than traditional methods in obtaining energy from food waste.
Models that are new and can adapt quickly to changes should be preferred. Apart from energy and adsorption
evaluated in this study, it is used as a raw material in the food industry, feeding livestock, and food waste
(especially fruit/vegetable waste) is used in the pharmaceutical industry. In the adsorption process, the
intensive use of food waste as an adsorbent in recent years has given successful results in the treatment of
heavy metals, dyes, hazardous chemicals and other pollutant groups.
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Abstract
The present study addresses the feasibility of enhancing the H2 production yield of dark fermentation of
organic waste through the integration with electrochemical methods in a new combined system. The
integrated bio-electrochemical system is based on the electrochemical conversion of the protons released
by the organic acids generated during the organic substrate degradation. The conversion of protons into
H2 simultaneously produces electricity and also has the positive outcome of contrasting system
acidification as a consequence of volatile fatty acids accumulation. In this work, different experimental
set-ups were compared to identify the optimal bio-electrochemical cell configuration and a preliminary
assessment of the integrated system was performed through cheese whey utilization. The early findings
were promising displaying a 3-times higher H2 yield compared to the conventional dark fermentation.
Keywords: Bio-electrochemical processes; bio-hydrogen production; cheese whey; dark fermentation;
organic waste treatment.

1. INTRODUCTION
Dark fermentation (DF) is a promising biochemical process for organic waste valorization aimed at bio-H2
generation. While fermentative H2 production from organic residues has been the subject of a number of
studies, there are still some aspects that need further investigation. These include the possibility of fully
exploiting the potential energy content of the starting organic matter, overcoming the intrinsic limitations
related to the biochemical nature of the process. To this regard, when acetate is the final metabolic product of
fermentation, a production of 4 moles of H2 per mole of hexose consumed is expected, which is regarded as
an upper threshold for the H2 yield, known as the Thauer limit [1]:
(1)
C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2
Therefore, of the potential 12 moles of H2 that may be produced by one mole of glucose, only a third can be
obtained biochemically. The actual H2 yield can even be lower than the mentioned limit if other more reduced
metabolic products (e.g., butyrate, ethanol) are formed or additional competing metabolic pathways occur
(e.g. propionic fermentation, homoacetogenesis).
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In the present work, the possibility of enhancing biochemical H2 yield of DF was assessed through an
innovative approach consisting of a beneficial combination of the biochemical and electrochemical processes
running simultaneously in a novel integrated bio-electrochemical system (IBES).

2. MATERIALS AND METHODS
2.1. Principle, setup and experimental design
The operating principle of the IBES (Figure 1) is based on electrochemical conversion of protons released
upon dissociation of the acid metabolites that are produced during the DF; the conversion of protons into H2
is sustained by the electron flow deriving from the oxidation of a metallic element in the anodic compartment,
resulting in the combination of biochemical and electrochemical H2 production as well as electricity
production. Moreover, the conversion of protons to H2 may offer the additional benefit of contrasting the
acidification of the fermentation medium.
The setup involves an inert electrode, which plays the role of electron carrier, placed in the fermentation
medium; an external electric circuit connects it to the reducing electrode placed in an electrolytic solution in
the anodic chamber. The ion flow required to maintain the electroneutrality of the two electrolytes is attained
through an appropriate connection between the two compartments. The reactions at the cathodic (2) and
anodic (3) chambers are shown below, along with the corresponding reduction potentials (E0) in accordance
with the IUPAC standard potentials convention (298 K, 1 bar, 1 M), assuming metallic Zn as the anode:
2H+ + 2e- ↔ H2

E0(2H+/H2) = 0.000V

(2)

Zn ↔ Zn2+ + 2e-

E0(Zn2+/Zn) = - 0.762V

(3)

The overall cell electromotive force under standard conditions (∆E0), defined as the potential difference
between the cathode and the anode, for this system is as follows:
∆E0 = E0(2H+/H2) - E0(Zn2+/Zn) = 0.762V

(4)

The fact that the Gibbs free energy ∆G = -nF∆E (with n = number of electrons exchanged in the reaction
and F = Faraday’s constant = 9.64853 x 104 C mol-1) is negative (-147 kJ) ensures that the redox reaction can
take place spontaneously, as the reduction potential of the anode is adequately low.
A preliminary assessment of the integrated bio-electrochemical process was performed during the first
experimental phase in order to identify the optimal configuration for further tests. Four different experimental
setups (named A, B, C, D) were designed (Figure 2), which differed for the compartment volume (V), the type
of separation between the cathodic and anodic solutions (involving either a salt bridge or an anion exchange
membrane, AEM) and the AEM surface to volume ratio (S/V).
0

0

Figure 1. Schematic of the integrated bio-electrochemical system (IBES)
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Figure 2. Different experimental setups

In the preliminary electrochemical tests, diluted acetic or butyric acid was used to simulate the metabolic
products of DF. System A and B were employed for testing different cathode materials and the type of
separation between the compartments, evaluating the process in terms of pH change and voltage generated.
On the basis of the preliminary results, systems C and D were designed in order to allow for gas collection,
measurement and sampling. The main difference between the two latter systems was the S/V ratio, which was
increased in the configuration D. Dedicated H2 leakage tests were conducted for systems C and D in order to
quantify potential gas losses during the tests due to the high fugacity of H2. The measured loss was found to
lie in the range 0.12 - 0.16 mL/h for system C and 0.64 - 0.95 mL/h for system D (likely due to some minor
gas leakage through the AEM), which was accounted for to quantify the amount of gas produced. In all
systems, the anolyte was 0.5 M Zn sulphate, while a metallic Zn plate was used as the anode. Table 1 presents
a summary of the main features of the preliminary electrochemical tests.
Table 1. Features of system configurations
System A
Compartment separation Sodium chloride salt bridge

System B

System C

System D

24 cm2 AEM

11.3 cm2 AEM

67.5 cm2 AEM

AEM surface to volume
ratio (S/V)

-

120 cm2/L

23 cm2/L

135 cm2/L

Catholyte volume

0.2 L

0.2 L

0.5 L

0.5 L

Catholyte

HAc

HAc

HAc

HAc
HBu

Anolyte volume

0.2 L

0.4 L

0.5 L

0.5 L

Anolyte

Zn sulphate

Zn sulphate

Zn sulphate

Zn sulphate

Cathode material

15 cm2 Graphite sheet
2 cm2 Pt sheet
15 cm2 Ni mesh
15 cm2 Ti grid

15 cm2 Ni mesh
15 cm2 Ti grid

10 cm2 Ti grid

66 cm2 Ti grid

Anode material

15 cm2 Zn plate

15 cm2 Zn plate

43 cm2 Zn plate

53 cm2 Zn plate

The aim of the second experimental phase was to investigate the performance of the IBES during the
evolution of the fermentative process and compare the results to the conventional DF. In this phase, the
optimized configuration D was employed in a batch mode using cheese whey (CW) as the substrate and a
stand-alone batch DF reactor fed with CW was employed as a reference. The characteristics of the CW are
reported in Table 2. The pH of CW was adjusted to 7.5 using 2 M NaOH at the beginning of the DF
experiments, while no further pH control was performed during the tests. The indigenous microorganisms in
CW were the only active biomass source in the system, as it was previously demonstrated [2] that CW can
successfully produce H2 through DF with no need of an external inoculum. The DF tests were operated under
mesophilic conditions (38 ± 1 °C).
Table 3 reports a summary of the experiments.
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Table 2. Characteristics of CW used for IBES-system D and stand-alone DF
Parameter

Unit of measure

Total solids

% wet weight

7.4±0.3

Volatile solids

% wet weight

6.4±0.3

Carbohydrates

g glucose-C/L

38.5±3.8

Total Organic Carbon

g C/L

39.3±3.7

pH

-

3.6±1

Acetic acid

mg HAc/L

364±71

Butyric acid

mg HBu/L

<DL

Ethanol

mg EtOH/L

3360±82

DL = detection limit
Table 3. Experimental design
Run No.

Run code

System
configuration

Cathode type

Catholyte solution

1

A-G-HAc

A

Graphite sheet

HAc

2

A-Pt-HAc

A

Pt sheet

HAc

3

A-Ti-HAc

A

Ti grid

HAc

4

A-Ni-HAc

A

Ni mesh

HAc

5

B-Ti-HAc

B

Ti grid

HAc

6

B-Ni-HAc

B

Ni mesh

HAc

7

C-Ti-HAc

C

Ti grid

HAc

8

D-Ti-HAc

D

Ti grid

HAc

9

D-Ti-HBu

D

Ti grid

HBu

10

D-Ti-CW

D

Ti grid

CW

2.2. Analytical methods
In systems C and D a volumetric gas counter with a 2 mL capacity was used for gas volume measurement,
while a gas bag was employed for gas storage. In all cases the measured biogas volume was expressed at
standard pressure and temperature conditions (T = 273.15 K, P = 105 Pa).
The biogas was periodically sampled from the gas bag with a 25-mL gastight syringe and analyzed through a
gas chromatograph (Model 3600 CX, VARIAN) equipped with a thermal conductivity detector and 2 m
stainless-steel packed column (ShinCarbon ST) with an inner diameter of 1 mm. The operating temperatures
of the injector and detector were 100 and 130 °C, respectively, with He as the carrier gas. The oven
temperature was initially set at 80 °C and subsequently increased to 100 °C at 2 °C/min.
The VFAs (acetate, butyrate, propionate, valerate, caproate, heptanoate) and ethanol concentrations were
determined in 0.2-µm filtered and HCl acidified (pH = 2) liquid effluent (1 µl) with a gas chromatograph
equipped with a flame ionization detector (FID) and a 30 m capillary column (TRB-WAX) with an inner
diameter of 0.53 mm. The temperatures of the detector and the injector were 270 and 250 °C, respectively.
The oven temperature was initially set at 60 °C, held for 3 min at this value, subsequently increased to 180 °C
at a rate of 10 °C/min and finally increased to 220 °C at a rate of 30 °C/min and held for 2 min.
Sulphates, total and volatile solids were measured according to the Standard Methods for the Examination of
Water and Wastewater [3].
Total organic carbon (TOC) was measured using a Shimadzu TOC analyzer (TOC-VCHS and SSM-5000
module, Shimadzu, Japan).
Carbohydrates were analyzed through the colorimetric phenol–sulfuric acid method using glucose as the
standard [4].
The electrochemical process was monitored through cell voltage (∆V) and electrical current intensity (I)
measurements. The acquisition system NI cDAQ-9174 was used for this purpose and a potentiometer with a
resistive load ranging from 500 Ω to 1.3 Ω was used to obtain the power curves for each system
configuration. The cell voltage was measured continuously for a few minutes following each resistance
variation, in order to avoid significant changes in the electrolyte solutions at the same time ensuring the
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achievement of equilibrium conditions. The measurement system was combined with LabVIEW as the data
acquisition software.
The total amount of electric charge, Q, generated during the electrochemical process was calculated as the
integral of the measured electric current, and the related theoretical amount of H2 produced was also derived.

3. RESULTS AND DISCUSSION
Preliminary tests in system A and B showed the influence of the cathode characteristics on the
electrochemical profile of the process and led to the selection of titanium mesh as the cathodic material.
Moreover, system A displayed the presence of a high overpotential, likely due to the use of a salt bridge as
connection between the chambers instead of the AEM, that was used in systems B, C and D.
The electrical characteristics of the systems equipped with the AEM were then compared by deriving the
power curves. The results show that the S/V ratio played a key role in determining the power efficiency of the
electrochemical cell. System D, where the geometrical configuration was arranged to maximize the S/V ratio,
indeed proved to have been optimized with regard to the electrical performance (Figure 3). Moreover, the
higher S/V ratio resulted in a considerably faster current evolution over time and remarkably higher current
intensities, resulting in higher H2 generation rate. The total volume of H2 produced and the theoretical H2
yield (expected on the basis of the overall amount of electric charge generated) was compared to the H2 yield
deriving from a complete dissociation of the acid. The results showed that the released protons from acetic
acid were totally reduced to H2 both in system C and D, albeit at a considerably slower rate in the former case
(Table 4).
P (mW)

I (mA)

Figure 3. Power curves for B-Ti-HAc, C-Ti-HAc and D-Ti-HAc showing the influence of the S/V ratio
Table 4. Summary of preliminary results for systems C and D
Unit of
measure
mol
h
mol e-

C-Ti-HAc

Initial amount of acid at the cathode
0.0197
Time to the pH/current plateau
645
(1)
Mobilized electrons
0.0196
Total theoretical volume of electrochemical
NL H2
0.220
H2 produced, VH2,th (2)
Total measured volume of H2, VH2,meas
NL H2
0.127
Expected H2 losses, VH2,loss
NL H2
0.077 – 0.103
Total volume of H2 produced, VH2,pr (3)
NL H2
0.205 – 0.230
Maximum theoretical volume of
NL
H
0.221
2
electrochemical H2, VH2,max (4)
VH2,pr/VH2,th
%
93 – 105
VH2,pr/VH2,max
%
93 –104
VH2,th/VH2,max
%
99
(1)
calculated from the total measured amount of electric charge
(2)
calculated from mobilized electrons
(3)
VH2,meas + VH2,loss
(4)
Calculated from the released protons assuming complete dissociation of the acid

D-Ti-HAc

D-Ti-HBu

0.0196
100
0.0174

0.0134
74
0.0120

0.223

0.135

0.092
0.105 – 0.156
0.197 – 0.249

0.053
0.064 – 0.095
0.117 – 0.149

0.219

0.150

88 – 112
90 – 113
102

87 – 111
78 – 99
90

The bio-electrochemical tests performed with CW in system D were compared with the results from a standalone dark fermentative reactor (see Figure 4 a). The IBES achieved a H2 yield of 68.7 NL H2/kg TOC
(corresponding to 75.5 – 78.8 NL H2/kg TOC considering the H2 leakage through the AEM), while the standalone biochemical process reached 22.4 NL H2/kg TOC. The buffering effect expected from proton
consumption in the IBES was mainly visible during the first stages of the process (Figure 4 b). As acid
accumulation proceeded during DF in the cathodic compartment, the buffer effect was found to be incapable
of contrasting the progressive acidification. In order to assess the advantages of the IBES over the
conventional DF process, an attempt was made at separating the contributions of the biological and the
electrochemical processes to the total H2 yield. The green dashed curve in Figure 4 a) represents the
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theoretical volume of H2 that would be expected from the electrochemical reactions on the basis of the
electric charge mobilized. If the biological and the electrochemical processes were additive, such a volume
would add up to the volume generated by the biochemical process alone. According to such hypotheses, a
total yield at the plateau of cumulative H2 production of 63.4 NL H2/kg TOC would be expected, that is 19 –
24 % lower than the actual value obtained for the IBES. It is thus tempting to hypothesize that, further to the
additional volume of H2 produced by chemical reduction of protons, the electrochemical process exerted a
synergistic effect on the fermentation reactions, enhancing H2 generation associated to the biochemical
metabolic pathways. While such a result could in principle be related to a pH buffering effect caused by the
conversion of protons to H2, this was in fact found to be relatively minor. Other mechanisms are thus claimed
to have played a role during the process, including changes in the redox potential of the fermentation medium
caused by the electricity flow; the nature of the potential synergistic effect will be further investigated in
upcoming studies.
Towards the end of the test, an unexpected decline in current intensity was observed despite protons
availability. The reason was presumably ascribed to a passivation effect of the anode likely caused by the
precipitation of Zn(OH)2 onto its surface. Thus, future aspects to be investigated include strategies to prevent
the passivation of the anode in order to provide the complete exploitation of available protons as well as a
better understanding of the potential electrochemical stimulation effects that there might have been on
biomass.

Figure 4. a) Comparison between the stand-alone DF and IBES in term of H2 yield and theoretical electrochemical H2 yield
calculated from charge (green dashed line); b) pH evolution over time in both systems and electricity production in the
IBES

4. CONCLUSIONS
To date, the biochemical limitation occurring within the fermentative process, which lowers the actual H2
yields from the expected levels, represents one of the main challenges of DF. An attempt to address this issue
was accomplished by designing an integrated system that combines DF with electrochemical processes in
order to enhance the H2 yield through a novel approach. Preliminary tests highlighted the importance of
optimizing the reactor design in order to reduce internal resistances and provide an appropriate H2 generation
rate along with electricity production. According to the electric current production that was measured and the
flow of dissociated organic acid through the AEM, it was concluded that the model solution was almost (90 –
100%) dissociated and the protons were virtually fully converted into H2.
The bio-electrochemical tests performed in the IBES, using CW as substrate, achieved very promising results
with a 3-times improvement compared to stand-alone DF. Future perspectives in this field may include
strategies to prevent the passivation of the anode, recognized as a possible limiting factor during the process,
afterwards the potential implementation in continuous mode, in order to enable a proper energy balance of the
system. Furthermore, improvements to the anodic chamber (e.g. by testing alternative materials) could be
explored to further enhance the sustainability of the whole process.
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Abstract
In this study, effect of two chemical compounds (i.e., 1-octanol and hexanal) respectively from the alcohol
and aldehyde groups on thermophilic (55±2 °C) anaerobic process digesting the waste produced at a
paper industry was investigated. In this scope, possible inhibition was monitored by the cumulative
methane (CH4) yields in the batch reactors digesting the paper waste as the feedstock at concentrations of
0.005%, 0.05%, and 0.5% for each compound. Comparing the effects of the two different groups with the
control reactor having only the paper waste as the substrate, the results revealed that adding 1-octanol
and hexanal up to 0.05% concentrations had some synergistic effect on biogas yield (i.e., from 3% to 12%
enhancement). Accordingly, the highest methane yields were 678 and 695 mL/g-VSfed, respectively on
average in the presence of 1-octanol and hexanal at a concentration of 0.05% while the cumulative
methane yield was observed as 618 mL/g-VSfed for the control reactor. With the exception of 1-octanol at
0.5%, adding both compounds at each investigated concentration was beneficial for the digestion in the
batch process. Therefore, the selected alcohol and aldehyde sources did not cause the expected
detrimental effect on the methanogens even at the maximum amounts added in this study. Nevertheless,
since the effect of the chemical compounds on methane generation has been generally concentrationdependent, the toxic effects of 1-octanol and hexanal would be better observed at higher concentrations
(> 0.5%), especially when their threshold levels are exceeded in anaerobic reactors digesting paper
wastes.
Keywords: 1-octanol, Biogas, Hexanal, Inhibition, Lignocellulose
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1. INTRODUCTION
Depending on the total solids (TS) content of the substrate, anaerobic digestion has been applied as wet (i.e.,
TS from 0.5% to 15%) or dry (i.e., TS more than 20%) processes for many decades. However, dry anaerobic
digestion is particularly preferred for treating the industrial wastes in order to meet the energy demand of the
facilities. In this context, since paper wastes have high carbon content and TS concentrations; these difficult
degradable feedstocks have been stabilized efficiently by anaerobic reactors also enabling biogas generation
as one of the renewable energy sources [1]-[3]. However, paper industry wastes contain mostly hemicellulose
and cellulose and degradation of these materials by the microorganisms are not easy. On the other hand,
inhibitory substances found in paper wastes might cause process failure in bioreactors with reduced biogas
yields. Hence, necessary precautions against these toxic substances should be taken in order to keep the
digestion process at steady-state condition for achieving an enhanced methane production. For example, some
chemical compounds such as aldehydes (e.g., hexanal) and alcohols (e.g., 1-octanol) might be toxic especially
to the methanogenic cultures, which adversely affect biogas yields of anaerobic processes with long lag phase
periods at their increasing concentrations [3]. In this context, acclimation periods generally allow the
microbial cultures to adapt unfavorable conditions and inoculum adaptation plays a key role during anaerobic
digestion of the inhibitory substances in bioreactors [4]. Besides available microorganisms, the impact of the
chemical compounds on the stabilization process change depending on the operation parameters (e.g., pH,
temperature, hydraulic retention time etc.). Moreover, it was reported that the effect of the compounds from
alcohol and aldehyde groups on methane generation has been also concentration-dependent [5]. According to
Jansson et al. [3], the chemical compounds that could affect biogas production in traditional wet anaerobic
digestion processes were hexanal and 1-octanol which have been detected in the wastes/wastewaters of
various industries such as food and paper sectors. Hexanal is a well-known aliphatic aldehyde and it is a
predominant reaction product of linoleic acid (i.e., a fatty acid component in wood extractives) oxidation and
accounts for odour nuisance in pulp and paper industry. On the other hand, a large variety of other aldehydes,
ketones and alcohols are also formed [6]. Among them, 1-octanol, known as a fatty alcohol, is described as
typical volatile oxidation compound of oleic acid which also contributes to off-flavor development and
released to the environment as a metabolite of many plants [6]-[8]. Hence, investigation of the impact of
hexanal and 1-octanol on anaerobic digestion is important owing to the fact that anaerobic treatment is mostly
used to stabilize the wastes from paper industry [3], [9]. Nevertheless, these two compounds might be
beneficial or detrimental to the anaerobic digestion [5]. Although hexanal and 1-octanol could be degraded by
some microorganisms which are involved in anaerobic digestion process, high concentrations of these
chemicals could reduce the biogas production [3]. Hence, the aim of this work was to investigate the impacts
of 1-octanol and hexanal on cumulative methane yield during thermophilic (55±2 °C) anaerobic digestion of
the waste from a paper industry.

2. MATERIALS AND METHODS
2.1. Substrate, Inoculum, and Chemical Compounds
The paper waste (PW) with a total solids (TS) and volatile solids (VS) contents of about 28% and 27% was
supplied by a pulp and paper industry located in Varberg, Sweden. The inoculum was obtained from a dry
anaerobic digester plant treating municipal solid waste at thermophilic conditions (Borås, Sweden). TS
content of the inoculum was 3.6% with a volatile content of about 65% [10].
The chemical compounds examined were from two groups i.e. alcohol (1-octanol) and aldehyde (hexanal); all
provided by Sigma-Aldrich (Germany). 1-Octanol (C8H18O), also known as N-octan-1-ol or capryl alcohol, is
a clear and colorless liquid which is a fatty alcohol lipid molecule with a molecular weight of 130.23 g/mol
[7]. Besides, hexanal (C6H12O) is also a clear and colorless liquid with a molecular weight of 100.16 g/mol
[11]. Both chemical solutions were prepared by diluting pure liquid chemical compounds with distilled water
in order to achieve concentrations of 0.005%, 0.05% and 0.5% (w/v).

2.2. Batch Reactors and Operating Conditions
The experiments were carried out at thermophilic conditions (55±2 °C) using 118 mL serum glass bottles at
which anaerobic digestion took place. The reactors were kept in an incubator and operated as batch systems.
In order to measure the methane production of only the inoculum, the blank reactors were set-up with only
inoculum (Control_Seed) to be incubated without the addition of substrates and chemical compounds. On the
other hand, the control reactors were also set-up only with the inoculum and the used paper waste
(Control_PW) without the addition of chemical compounds. Only distilled water was added in the blank and
control flasks. All assays were running with the substrate to inoculum ratio of 1:2 (VS basis) in reactors
corresponding to 0.5 g-VS for the substrate and 1.0 g-VS for the inoculum (VSsubstrate to VSinoculum). Besides,
each serum bottle except the control ones, included 2 mL of the single selected compound. After the addition
of all necessary components; each serum bottle was sealed with a rubber septum and with an aluminium cap.
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Then, the headspace of each reactor was flushed with the gas mixture of 80% N2 and 20% CO2 for 2 minutes
to maintain anaerobic conditions inside the reactors. The reactors were then incubated at 55±2 °C while they
were shaken manually once a day during the incubation period of 45 days. All experimental set-up was done
in triplicates (i.e., with a total of 24 flasks) and average methane gas values were calculated.

2.3. Analytical Procedure
Gas samples were taken three times a week at the first weeks of the study, then were gradually reduced as
twice a week and once a week towards the end of the digestion period. The total solids (TS) and the volatile
solids (VS) of the substrate and inoculum were determined according to Standard Methods [12]. On the other
hand, the biogas samples were taken from each reactor’s headspace using a 250-µL pressure-lock gas syringe
(VICI, Precision Sampling Inc., Baton Rouge, LA, USA). Gas measurement and analysis were conducted as
described in a previous study by Teghammar et al. [13] and each methane (CH4) by volume was obtained at
standard conditions (0 °C and 1 atm). The compositions [methane (CH4), hydrogen (H2), carbon dioxide
(CO2)] of the produced biogas were determined using a gas chromatography (Perkin-Elmer Clarus 590,
Perkin-Elmer Inc., Waltham, MA, USA) equipped with a packed column (6’ x 1.8” OD, 80/100, Mesh,
Perkin Elmer Inc., Waltham, MA, USA) and a thermal conductivity detector (Perkin-Elmer Inc., Waltham,
MA, USA) at an inject temperature of 150 °C. The carrier gas was nitrogen operated with a flow-rate of 20
mL/min at 60 °C.

3. RESULTS AND DISCUSSION
In order to investigate the effects of the selected compounds from alcohol and aldehyde groups on biogas
production, 1-octanol and hexanal were added into the reactors to achieve concentrations of 0.005, 0.05, and
0.5% (w/v). The results showed that addition of 1-octanol and hexanal at concentrations of 0.05% resulted in
increased biogas production (Table 1) after 45-days incubation period. The highest methane yields were 678
and 695 mL/g-VSfed, respectively in the presence of 1-octanol and hexanal at a concentration of 0.05%. These
results corresponded to about 10% and 12% enhancement in cumulative methane production, respectively
compared to the control reactor (618 mL CH4/g-VSfed) digesting only the paper waste. Hence, adding both
compounds to 0.05% was beneficial for the digestion process. Even at 0.5%, hexanal was somewhat
beneficial; however, 1-octanol at this concentration showed a slight effect with a retardation in biogas
generation of about 3% decrease. Accordingly, cumulative methane yield for 1-octanol was 599 mL CH4/gVSfed whereas it was 638 mL CH4/g-VSfed for hexanal compared to the control reactor (618 mL CH4/g-VSfed).
Hence, it could be concluded that increasing concentrations of both chemicals from 0.05% to 0.5% indicated
not significantly different methane yields than that obtained from only paper waste in the control reactor. In
this context, continued biogas productions revealed the probable consumption of both chemicals up to a
certain concentration by the anaerobic microorganisms available in thermophilic batch reactors. The effect of
the selected compounds from alcohol and aldehyde groups on the initial digestion rate is presented in Figure 1
(a) for 1-octanol and in Figure 1 (b) for hexanal.
Although adding 1-octanol and hexanal did not indicate any apparent inhibition on anaerobic digestion
performance of the paper waste up to 0.5% at thermophilic (55±2 °C) condition, Jansson et al. [3] who
performed a similar study with the same hexanal and 1-octanol concentrations reported contrary findings at
mesophilic (37±1 °C) condition. Accordingly, they reported substantial inhibition and lower methane yields
at all concentrations irrespective of the chemical compound used. On the other hand, long lag phase was not
observed in this particular study unlike Jansson et al. [3]. Accordingly, they previously reported more than 20
days for hexanal and 80 days for 1-octanol during mesophilic digestion of paper waste in similar batch assays
at S/I ratio (VS basis) of 1.0 with a TS of 16%. Therefore, since the addition of the same alcohol and
aldehyde sources up to a concentration of 0.05% improved the performance of the anaerobic process with an
increase in methane yield in this particular study, it was probably due to the difference in initial VS content
fed [14] into the batch reactors as well as due to higher (i.e., thermophilic) operating temperature. Meegoda et
al. [15] also reported that reaction rates are increased at higher temperatures which result in a possibility of
higher loading rates and improved biogas yields.
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Table 1. Effect of the additions of chemical compounds on biogas production at different concentrations
Reactor Content

Chemical
Compound

Inoculum (Control_Seed)
Paper waste + Inoculum (Control_PW)
Paper waste + Inoculum

1-octanol

Paper waste + Inoculum

Hexanal

Chemical
Concentration
(%)
0
0
0.005
0.05
0.5
0.005
0.05
0.5

Methane Yield
(mL CH4/g-VS)

Variationa,b
(%)

128
618
675
678
599
685
695
638

(+)9
(+)10
(-)3
(+)11
(+)12
(+)3

[(CH4 produced by feedstock with chemical compound - CH4 produced by control)/(CH4 produced by control)x100]
Enhancement is indicated by (+) whereas retardation is indicated by (-) in cumulative methane yield

a

b

Figure 1. Biogas generation during thermophilic anaerobic digestion of paper waste with (a) 1-octanol and (b) hexanal at
different concentrations
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In conclusion, contrary to expectation, the selected chemical compounds did not indicate notable toxic effect
on methane production in the batch assays even the concentration increased to 0.5% for 1-octanol and
hexanal. However, preliminary results revealed that the toxic effects of both selected compounds would be
observed at different operating conditions [3]. Moreover, higher concentrations of the chemical compounds
from alcohol and aldehyde groups would exert inhibitory effect especially when their threshold levels are
exceeded in anaerobic reactors digesting the wastes from industries such as food and paper facilities.

4. CONCLUSIONS
According to the results, cumulative methane yields measured in the batch assays showed that the
degradation process was not slowed down and the externally added compounds from the alcohol (1-octanol)
and aldehyde (hexanal) groups up to a concentration of 0.05% made it possible for the methanogens to
produce a higher amount of ultimate biogas. Hence, addition of the selected compounds was beneficial for the
digestion and improved the performance of the anaerobic process with an enhancement in methane yield of
10% for 1-octanol and 12% for hexanal. Accordingly, compared to the control reactor which only included
the paper waste; cumulative methane yield for 1-octanol was 678 mL CH4/g-VSfed whereas it was 695 mL
CH4/g-VSfed for hexanal at 0.05% concentration of each compound. When it comes to the effects of the
selected chemical compounds at 0.5% concentration of each, no remarkable toxic effect on methane
production was observed even the concentration increased up to 0.5% for both compounds. Accordingly,
methane yields indicated a slight increase for hexanal whereas a slight decrease for 1-octanol even at 0.5%
concentration. Contrary to expectations, the reason why methane yields did not decrease even with increasing
concentrations of both chemical compounds, was probably due to the fact that threshold levels were still not
exceeded in the batch assays. In conclusion, continued biogas productions also revealed the probable
consumption of both chemicals up to a certain concentration by the anaerobic microorganisms available in the
reactors digesting paper waste at thermophilic temperature.
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Abstract
The increase at the waste generation and energy demand still remain as a problem to be solved. Anaerobic
digestion has a great importance in the term of waste reduction and renewable energy production as a green
solution. Methane content of the biogas expresses the energy content and the potential. Removing impurities
like CO2 H2S siloxane etc. and increasing the methane content of the biogas is allowing biomethane for further
usage. Biomethane can be used as vehicle fuel (diesel replacement), gas grid injection (natural gas
replacement), usage as a raw material for ethanol, dimethlyether etc. production other than electricity and
heat generation. In this study, biogas upgrade technologies like pressure swing adsorption, membrane
processes, scrubbing processes, cryogenic separation and biomethane utilization opportunities in the term of
in-situ and ex-situ usage have been reviewed. In addition, the potential utilization areas of biomethane and
specific requirements based on biogas quality are investigated comprehensively.
Keywords: Biofuels, anaerobic digestion, biogas upgrade, biomethane utilization, waste reduction.
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1.

INTRODUCTION

In recent years, renewable energy sources has emerged due to population growth, decrease in fossil fuels and
concerns about sustainability. Bioenergy, which is produced from biomass has been used as renewable energy
sources like wind, hydroelectric and solar energy. With a calorific value of 21–25 MJ/m3, biogas is an important
renewable energy source obtained through anaerobic digestion (AD). Biogas is produced through a multi-step
chain of biochemical processes involving complex microbial reactions in AD technology. The raw biogas
produced from AD generally consists of CH4, CO2 and impurities (H2S, water vapor, siloxanes, etc.) in a range of
50–70%, 30–50% and 1-5, respectively [1]. These proportions of biogas content depends on the substrate types
and operational conditions of the AD reactors. All impurities contained in biogas are undesirable and should be
removed before usage of CH4. For the biogas purification process, biogas cleaning and then biogas upgrading
procedures are applied in multiple steps. Biogas cleaning is applied to remove impurities such as H2S, NH3,
siloxanes, volatile organics, etc. After this step, biogas upgrading, is performed to increase CH4 content for higher
calorific value. Due to the relatively low CH4 percentage in biogas, increasing the calorific value of the biogas by
reducing CO2 and other impurities content is important for the efficient utilization in transportation, electricity
production and injection to the natural gas grid [2].
Recently, the graphene-based materials have been used at numerous industrial fields in sensors, energy storage
materials, treatment technologies, solar cells, medicine, and many other applications [3]. As is known, graphene is
a carbon-based material and is produced using commercially available fossil-sourced methane. It may be possible
to use biogas for graphene production after removing impurities (CO2, H2S, water vapor, etc.) other than
biomethane. In line with this approach, a greener approach will be introduced in the production of graphene as a
new generation material and biomethane which is a significant cost in graphene synthesis could be more
economically supplied from organic waste materials [4]. The graphene-based materials like graphene, graphene
oxide or reduced graphene oxide can be manufacured in powder or thin film form from methane obtained from
biogas after cleaning and upgrading processes.
The aim of this review is to investigate the cleaning methods for elimination of impurities and upgrading
technologies for more efficient and wider usage of CH4 from biogas in industrial applications.

2.

BIOGAS UPGRADE TECHNOLOGIES

In this section, the latest technologies used for the improvement and upgrading of biogas obtained as a result of
anaerobic processes and the opportunities of use of the resulting biomethane are summarized. Biogas mostly
contains 50-70% CH4 and 30-50% CO2, depending on the organic content and pH of the substrate [5]. In addition
to these gases, biogas contains N2 gas in the concentration range of 0-3%, and carbon monoxide (CO), O2,
hydrogen sulphide, H2 and NH3 [2] as a minor component. Depending on the substrate source in the reactors,
biogas may contain siloxanes, volatile hydrocarbons or other pollutants such as fluorinated hydrocarbons,
chlorinated heavy metal vapours and aromas [6].
There are basically two steps in biogas purification; The first of these is the removal of harmful and compounds
such as H2S, N2, O2, H, VOCs, CO and NH3, which are known by biogas cleaning technologies; the second is the
adjustment of the CO2 content to optimize the calorific value of the biogas, known as biogas upgrading
technologies. With biogas upgrading technologies, the CO2 content must be adjusted to optimize the calorific
value of the biogas. Biogas consists predominantly of methane (CH4) and carbon dioxide (CO2) [5]. To produce a
clean biomethane that can be used for both CHP plants and other combustion engines, the raw biogas material
must be processed into pure biomethane by gas cleaning techniques. Upgraded biogas with 95% (v/v) methane
content is called biomethane [7]. In this process, the CO2 product, which represents a large amount of biogas,
needs to be extracted. Upgrade technologies are highly advanced. In Europe, physical organic scrubber, water
scrubber, pressure swing adsorption (PSA) and membrane separation are the most common forms of amplification
techniques [8].

2.1.

Pressure swing adsorption (PSA)

The PSA method is the adsorption of gas molecules onto a solid surface using porous adsorbent materials with
specific surface areas. PSA processes depend on the capacity of different adsorbent materials to retain one or more
components of a gas mixture under different pressure conditions. It depends on the molecular size, and due to the
high porosity of these adsorbent materials, the gas components can be separated under high pressure. The
adsorbent materials used for this technique are titanosilicates, zeolites, silica gels, activated carbon and carbon
molecular sieves [9],[10]. With this method, it can adsorb N2 and O2 simultaneously with CO2. More than 97
percent CH4 enrichment, low power demand, and low nitrogen and oxygen emission and removal are the
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advantages of PSA technology. An additional H2S removal step required before PSA is the main disadvantage of
PSA technology. [11].

2.2.

Water Scrubbing

In the upgrading of biogas using water purification technology, water is used to extract biogas from carbon
dioxide. The method is based on the difference in water solubility of carbon dioxide and methane, and process
parameters such as water scrubber pressure and temperature are chosen to optimize this solubility difference.
Hydrogen sulfide (H2S) has the highest solubility in water among biogas components, followed by CO2. However,
gaseous H2S is harmful and toxic to the environment. H2S becomes corrosive and odorous when mixed with
water; therefore, H2S is usually pre-separated from the biogas prior to water cleaning when it reaches higher than
300 to 2500 ppmv [12]. After the H2S is separated from the biogas, the CO2 is separated from the environment by
using water as a solvent to remove the CO2 from the biogas. Because carbon dioxide is 26 times more soluble in
water than methane. The water washing process mostly takes place in an absorption column, CO2 absorption takes
place at 8-10 bar, but pressures ranging from 10 to 20 bar are used in the absorption column [13]. Since CH4 has
the lowest solubility among other components in biogas, this method is widely used for cleaning biogas with water
as a cleaning agent. With this technology, 80-99% CH4 purity can be achieved; however, it relies on the
concentrations of non-condensable impurities such as N2 and O2 that cannot be separated from CH4 [14].

2.3.

Chemical scrubbing

It is based on the dissolution of carbon dioxide in chemical scrubbings. The process that occurs in chemical
scrubbing is linked to the chemical reaction between carbon dioxide and solvent. Monoethanolamine (MEA) is the
most used solvent next to diethanolamine (DEA), which can dissolve more CO2 than water [7]. When the amine is
used as the solvent, approximately 99% methane recovery or no loss occurs when the amine reacts selectively
with carbon dioxide. The downside to using this technology is that the energy consumed is considered high due to
the large amount of heat needed to rejuvenate the chemical solvent. [9].

2.4.

Membrane Separation

Membrane separation occurs at the molecular level using the differential permeability basic rule of different
molecules crossing a membrane [15],[16]. The molecules that make up the biogas can be arranged according to
their permeability rates, where CO2 is the highest and CH4 is the lowest [17]. Membrane separation takes place in
wet and dry conditions, depending on the type of substances extracted. Membrane separation process depends on
forth factors; the diffusion rate, membrane thickness, partial pressure, and chemical solubility of the substance. In
these systems, two systems are used as low and high pressure systems. Membranes can be produced from
polymers such as cellulose acetate, silicone or rubber. Recent research with the membrane separation process for
biogas upgrading has focused on membranes made using new materials and different membrane configurations. It
can be applied to any undesirable compound in biogas pretreatment, and the effectiveness of the pretreatment
depends on the membrane material [7].

2.5.

Cryogenic separation

Raw biogas components have different liquefaction and solidification temperatures, and cryogenic separation
technology was developed using this factor. Cryogenic technology is popular for isolating impurities from raw
biogas from landfills [18]. In the cryogenic separation process, the temperature of the raw biogas is gradually
lowered, which helps in the sequential and selective separation of moisture, CO2, N2, O2, H2S and CH4 from the
raw gas stream. This sequential separation can also produce pure liquefied biomethane (LBM) at a temperature of
about 162 °C to 182 °C [19]. Cryogenic separation technology has promising potential to produce liquefied
biomethane, and liquefied biomethane has an ignition efficiency equivalent to liquid natural gas (LNG) [9]. A
large amount of energy is required in the cryogenic separation process. Raw gas must be compressed with high
pressure. Cryogenic techniques are a good choice for optimization as they produce products of high purity ranging
from 95% to 99% [20]. High Purity carbon dioxide can be obtained as a product [21].
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Figure 1. The schematic flow chart of (a) water scrubbing

(c) membrane separation and

(d) cryogenic proces [2]
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3.

CONCLUSION

Bioenergy has gained great attention during recent decades because of concerns about fossil fuels. Biogas, it’s a
kind of bioenergy, cleaning and upgrading processes are needed in order to use in a wide range of applications like
fuel at vehicle engines, injection to natural gas pipe line, high value added raw material production. In this review,
it is highlighted that biogas cleaning and upgrading systems, biomethane usage in different industrial sectors such
as electricity production, injection into natural gas grid and higher value-added material production. Finally, it can
provide significant contributions to integration of organic wastes to sustainable circular economy with "close the
loop" approach.
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Evaluation of Biomass Energy Potential for
Western Anatolian Cities
Aysenur Ozuysal1, Gorkem Akinci,2,3
Abstract
The demand on energy increases with excessive population growth. The energy is needed to meet social
and economic development and provide human welfare and health. Biomass energy, which is the most
used renewable energy source, constitutes 10.2% of the total global energy supply. The demand for
biomass energy increases to decrease dependency on fossil fuels and decrease greenhouse gas emissions.
Hence more cost-effective technologies will be available for biomass energy and new policies will
encourage the use of biomass energy. Biomass is solid carbonaceous material which can be derived from
agriculture and forestry wastes, animal wastes, kitchen wastes and sewage sludge. These biomasses are
converted to energy via combustion, gasification, pyrolysis, anaerobic digestion etc. The aim of the study
is to evaluate the overall energy potential of biomass generated in Western Anatolian cities of Türkiye
according to the analysis results of biodegradable municipal solid waste, animal waste, agricultural
waste and sewage sludge. The energy potential is assessed with respect to incineration and pyrolysis
technologies. Moreover, the amount and availability of biomass are assessed for detailed analysis. The
calorific values of several biodegradable municipal solid wastes were determined and they were found
between 2182 and 4258 kcal/kg dw. The calorific values of other types of biomasses were between 3355
and 5476 kcal/kg dw. Then the energy production potential was calculated regarding the amount of these
wastes in Western Anatolian cities. The results show that the energy production from biomass is possible
and promising for Western Anatolian cities.
Keywords: Biomass energy, renewable energy, waste-to-energy, municipal solid waste
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1. INTRODUCTION
The demand on energy increases with excessive population growth. The energy is needed to meet social and
economic development and provide human welfare and health. Renewable energy has an important share to
fulfill the increasing energy demand [1]. Biomass energy, which is the most used renewable energy source,
constitutes 10.2% of the total global energy supply [2]. The demand for biomass energy increases to decrease
dependency on fossil fuels and decrease greenhouse gas emissions. Hence more cost-effective technologies
will be available for biomass energy and new policies will encourage the use of biomass energy. [3] Biomass
is solid carbonaceous material which can be derived from agriculture and forestry wastes, animal wastes,
kitchen wastes and sewage sludge. These biomasses are converted to energy via combustion, gasification,
pyrolysis, anaerobic digestion etc. [4]. Renewable energy sources cover 16.8% of electricity generation
resources in Turkey [5]. Biomass is the main source of renewable energy. The total biomass energy potential
of Turkey was about 33 million tons of oil equivalents (Mtoe) in 2008. Biomass can be used to meet energy
needs such as generating electricity, heating homes, fueling vehicles and providing process heat for industrial
facilities [6]. The aim of the study is to evaluate the overall energy potential of biomass generated in Western
Anatolian cities of Türkiye according to the analysis results of biodegradable municipal solid waste, animal
waste, agricultural waste and sewage sludge. The energy potential is assessed with respect to incineration and
pyrolysis technologies. Moreover, the amount and availability of biomass are assessed for detailed analysis.

2. MATERIAL & METHODS
Biodegradable fraction of the municipal solid waste (BMSW) and other types of biomasses were analyzed.
The municipal solid waste samples were obtained from different cities in Western Anatolian. The waste
samples were weighed and sorted as biodegradable wastes, hygienic waste and recyclables. The
biodegradable parts were bagged and processed for analyses. The average values were given for
biodegradable municipal wastes. Cattle and poultry manure were obtained from a farm. Corn stalk was
gathered from a village. WWTP sludge was solar dried and collected from a municipal wastewater treatment
plant.
The calorific values of the samples were determined with IKA 200 bomb calorimeter. The analysis of volatile
matter was carried out according to ASTM E872-82- Standard Test Method for Volatile Matter in the
Analysis of Particulate Wood Fuels [7]. The analysis of ash was carried out according to ASTM E1755-01Standard Test Method for Ash in Biomass [8]. Fixed carbon is determined by difference as given in the
Equation 1 [9]. Our samples were dried so the calculation was applied without moisture in dry matter.
FC = 100- M - VM – ASH

(1)

where FC is fixed carbon, M is moisture and VM is volatile matter.
The elemental analysis was applied with Leco TruSpec CHNS (USA). ASTM D5373 standard was used for
carbon, hydrogen and nitrogen. The analysis of sulphur was applied regarding ASTM D4239 standard. The
oxygen content was found by difference.
The total energy value of different wastes were calculated regarding measured values and literature values.
The values for Aydın, Balıkesir, Çanakkale, İzmir, Manisa and Muğla cities as Western Anatolian were
considered in the calculation.

3. RESULTS & DISCUSSION
3.1. Proximate & Ultimate Analysis
The results of volatile matter, ash and fixed carbon were found as consistent with the literature values (58.28
to 84.08 %dw, 2.92 to 39.51 %dw and 1.36 to 16.22 %dw, respectively). The results are given in the Table 1.
Table 1. The results of proximate analysis
Sample

Volatile Matter, %dw

Ash, %dw

Fixed Carbon, %dw

Cattle Manure

71.24
83.44

20.07
14.16

8.92
2.4

Poultry Manure

70.92

26.15

2.92

BMSW*

Corn Stalk

84.08

2.92

13.01

Sludge

58.48

39.24

2.28

*
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The results of C, H, N, S and O were in a range of 25.70 to 44.85 %dw, 4.61 to 8.40 %dw, 1.25 to 6.13 %dw,
0 to 0.73 %dw and 40.12 to 68.08 %dw, respectively. These results are also in parallel with the values given
in the literature. The results are given in the Table 2.
Table 2. The results of ultimate analysis
Sample

C, %dw

H, %dw

N, %dw

S, %dw

O, %dw

BMSW*

34.08

5.90

2.10

0.10

57.82

Cattle Manure

44.85

8.40

6.13

0.50

40.12

Poultry Manure

32.11

5.58

5.85

0.17

56.29

Corn Stalk

43.90

7.74

1.32

0.00

47.03

Sludge

28.24

4.85

4.85

0.73

61.33

*

Average Value for biodegradable municipal wastes

3.2. Results of Calorific Value
The calorific values of several biodegradable municipal solid wastes were determined and they were found
between 2182 and 4258 kcal/kgdw. The calorific values of other types of biomasses were between 3355 and
5476 kcal/kgdw. The results are given in the Table 3.
Table 3. The calorific values of the samples
Sample
Calorific Value, kcal/kgdw

BMSW*
3585
*

Cattle
Manure

Poultry
Manure

Corn Stalk

Sludge

5476

3355

3402

3388

Average Value for biodegradable municipal wastes

3.3. Calculation of Total Energy Value of Biomass
The total energy value of animal wastes was calculated regarding the number of animals taken from TurkStat
for 2021 [10]. The calorific values of cattle and poultry manure were measured. The calorific value of sheep
waste was taken from the literature [11]. Moreover, the waste amount was calculated according to the values
in the literature [12], [13]. The water content of the wastes was taken as 65% regarding analysis conducted in
the study. The total annual energy values of different animal wastes are shown in the Table 4. The total
annual energy value from animal waste in the study region was found as 244 PJ.
Table 4. Total energy values of animal waste
Number of
Animals

Waste Amount
per Animal,
ton/year

Waste
Amount,
ton/year

Dry Waste
Amount,
ton/year

Calorific
Value,
kcal/kgdw

Total
Energy
Value,
PJ/year

Total Energy
Value,
TEP/year

Cattle

2580386

9.95

25674840.7

8986194.245

5476

205.88

4920839.97

Sheep

5380737

0.82

4412204.34

1544271.519

3160

20.42

487989.80

120096091

0.03

3602882.73

1261008.956

3355

17.70

423068.50

Type of
Animal
Waste

Poultry

The total energy value of agricultural wastes was calculated regarding the production amount of plants/crops
taken from Turkstat for 2021 [14]. Corn, wheat and barley were selected as agricultural crops because their
production amounts and waste coefficients are higher. Waste coefficient and availability were taken from the
literature [15]. The calorific value of corn waste was measured and others were taken from the literature [16].
The water content of the wastes was taken as 10% regarding analysis conducted in the study. The total energy
values of animal wastes are shown in the Table 5. The total annual energy value of agricultural waste was
found as 28.77 PJ.
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Table 5. Total annual energy values of agricultural wastes
Production
Amount,
ton/year

Waste
Coefficient

Waste
Availability

Waste
Amount,
ton/year

Dry Waste
Amount,
ton/year

Calorific
Value,
kcal/kgdw

Total
Energy
Value,
PJ/year

Total
Energy
Value,
TEP/year

Corn

403929

4.04

0.5

815936.58

734342.922

3402

10.45

249823.46

Wheat

1277336

1.63

0.5

1041028.84

936925.956

4000

15.68

374770.38

Barley

312118

1.12

0.5

174786.08

157307.472

4000

2.63

62922.99

Type of
Agricultural
Plant

The total energy value of biodegradable municipal solid waste can be seen in the Table 6. The total annual
energy value of BMSW found as 13.13 PJ. The amount of the municipal solid waste was taken from TurkStat
for 2020 [17]. The percentages of biodegradable wastes in total MSW were found between 50 and 77 in the
study. The ratio of biodegradable waste assumed as 60% according to the results. Moreover, the efficiency of
the separation was assumed as 85%. The water content of the wastes was taken as 65% regarding analysis
conducted in the study. The calorific value is the average value of the measured values in the study.
Table 6. Total energy values of biodegradable municipal solid waste
Waste
Amount,
ton/an

Biodegradable
Waste,
ton/year

Collected
Biodegradable
Waste,
ton/year

Dry Waste
Amount,
ton/year

Average Calorific
Value, kcal/kgdw

Total Energy
Value,
PJ/year

Total Energy
Value,
TEP/year

4904870

2942922

2501483.7

875519.295

3585.31

13.13

313901.03

The total energy value of sewage sludge can be seen in the Table 7. The total annual energy value of sewage
sludge was found as 1.44 PJ. The population of 2020 was taken for the calculation of the sludge amount. The
population having a treatment plant was taken as 8,442,741 [18]. The sludge generation amount was taken as
33 g dm/capita.day for the calculation [19]. The calorific value of the sludge was measured in the study.
Table 7. Total energy values of sludge
Population having
Treatment Plant

Sludge Amount,
ton/year

Calorific Value,
kcal/kgdw

Total Energy Value,
PJ/year

Total Energy Value,
TEP/year

8442741

101692.82

3388

1.44

34453.53

4. CONCLUSION
The total energy potential of biomass for Western Anatolian cities was found as 6.9 Mtoe per year. This
energy potential is high because Western Anatolian cities are metropolis, and the livestock production is
common in this area and the region meets >25% of the dairy product needs of Türkiye. Moreover, agriculture
is one of the main economic activities. Reference [13] shows that the total energy potential of biomass is
184.647 PJ in 2018 for Turkey. Regarding this value Western Anatolian cities have an important contribution
to biomass energy potential of Turkey (19%). The only negative aspect is the high water content of the waste.
As a future study, the energy loss that will occur with the removal of this water content should be calculated.
Agricultural wastes are good sources of energy thanks to their low water content and high calorific value.
Therefore, a detailed study should be done to evaluate this valuable energy potential.
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Abstract
Recently, the establishment of dry type biogas plants for the organic part of domestic waste has become
widespread in our country. Although electrical energy is produced in these facilities, the yield and
quality of the compost obtained from the solid fermented product is low due to the impurities of the
organic wastes at the entrance. Additionally, production costs remain higher than compost processes
produced with pure organic input. For this reason, compost production study was carried out with the
bokashi method supported by inoculating a special bacterial culture that needs less mixing and
irrigation for the evaluation of the solid fermented product. In the study, 4 piles of different
compositions containing solid fermented product, animal manure and park and garden waste were
constituted. Solid fermented products, animal manure and park and garden wastes in piles by weight
1st pile, % 77.8:11.1,1:11.1, 2nd pile % 60:20:20, 3rd pile % 40:30:30, 4th The pile was mixed to
12.5:50:37.5%. The agro-ecological compost was produced by keeping it in an environment covered
with a lightproof tarpaulin for 12 weeks. After this process, the piles were passed through 15 mm sieves
and 64.5% in the 1st pile, 28.4% in the 2nd pile, 20.3% in the 3rd pile, and 88.9% in the 4th pile were
obtained. For each pile, the required analyzes were made for the final product within the scope of the
"Regulation on Organic, Mineral and Microbial Fertilizers Used in Agriculture". In addition,
germination test was performed and an average of 80% germination was observed.
Key Words: Bokashi, Agro-Ecological Compost, Fermented Product, Compost
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1. INTRODUCTION
Recently, the establishment of dry type biogas plants for the organic part of domestic waste has become
widespread in our country. Although electrical energy is produced in these facilities, the yield and quality
of the compost obtained from the solid fermented product is low due to the impurities of the organic wastes
at the input. In addition, production costs remain higher than compost processes produced with purer
organic inputs. For this reason, in order to evaluate the solid fermented product, agro-ecological compost
production study was carried out with the bokashi method, which is supported by inoculating a special
bacterial culture that needs less mixing and irrigation.
Solid fermented products are one of the most common organic sources for producing agro-ecological
compost due to their easy availability and low cost. [1]
It is noteworthy that fertilizer production, which has an increasing trend in our country over the years,
cannot meet the consumption and the need is met through imports. [2] About one third of the fertilizers we
consume and about 95% of the fertilizer raw materials are imported. [3] Thus, foreign dependency for
fertilizer consumption is one of the most important problems. It is necessary to develop new highly
effective fertilizers suitable for the soil and climatic conditions of our country. [2]
In addition, according to the results of many analyzes made so far in various regions of our country, more
than 75% of our soils have very less or less organic matter. The rate of our soils containing sufficient and
more organic matter is only about 6%.[4]
The improvement of the physical properties of soils is based, in the first place, on increasing the amount of
organic matter in the soil. In our country where the application of barn manure is very limited, the humus
required by agricultural soils can be obtained from waste compost containing substantial amounts of macro
and micro nutrients and highly suitable organic matter. [5]
Organic and organo-mineral fertilizers seem to be a good alternative to eliminate the negative effects of the
unbalanced use of chemical fertilizers on humans and the environment and to increase the organic matter
content of the soil. In general, organic and organo-mineral fertilizers are viewed positively in the world.[6]
It is important to increase the use of organic compost or fertilizers, as they are an alternative to chemical
fertilizers and are obtained from organic sources. They can be described as an important resource in terms
of sustainable and accessible agricultural practices.
Traditional agriculture with synthetic fertilizers and pesticides has reduced soil health, leading to an
increase in root disease problems. [7] Soil-borne diseases lead to significant yield reductions in a wide
variety of crops. However, chemical control methods, especially with soil fumigants, have been severely
restricted in recent years due to the potential environmental damage from their use. [8] Various alternative
and more sustainable management options have been explored, including organic farming, which aims to
promote soil health, protection and disease suppression. [9]
Useful Microorganism (UM)-Bokashi is an anaerobic fermentation product consisting of solid agricultural
by-products and UM. [10] Bokashi is a growth medium for microorganisms and provides a suitable
microenvironment for UM in soil. UM products have been tested for their effects on soil health, crop yield
and plant protection. Positive effects of UM application increasing the growth, yield and quality of crops
including beans have been reported. [11]
Researchers have found that crops fertilized with organic fertilizers feed more naturally, are stored longer,
and are not prone to rapid mold and rot, unlike mineral fertilizers. [12]
In this study, compost production was carried out with the UM-Bokashi method, but no study was
conducted on its yield on any plant.
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2. MATERIALS AND METHODS
2.1. Materials and Equipment Used
The study was carried out in an area with a covered reinforced concrete flat floor. In the study, as shown in
Figure 1, solid fermented product from the dry type biogas plant after the process, animal manure and
mixed park-garden wastes formed in Istanbul, commercially purchased useful microorganisms were used. 4
static stacks with different mixing ratios were created. Each prepared stack is covered with a lightproof
tarpaulin.

Figure 1.(a) Solid Fermented Product (b) Park- Garden Waste

(c) Animal Manure

Temperature measurements were made at certain intervals with a long-probe compost thermometer, as
shown in Figure 2, in order to easily monitor the temperature values of the created piles at inaccessible
points.

Figure 2. (a) Long-Probe Thermometer
over the pile cover

(b) Measurement with a compost thermometer

A germination test was conducted to evaluate compost toxicity upon completion of the maturation
processes of the piles. For the germination experiment, 150 red radish seeds, soil, agro-ecological compost
created as a result of the study and 10 pots were used.

2.2. Creation of Piles
Solid fermented product, park-garden waste, animal manure, lime, sawdust and useful microorganisms
were brought to the designated area. While forming the piles, solid fermented product was laid on the
ground with the help of a scoop at the rates indicated in Table 1. Respectively, park-garden waste, animal
manure, lime, sawdust and useful microorganisms were added and mixed with a ladle. The pile content is
shown in Table 1 whereas the stages of the mixing process are shown in Figure 5.
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Table 1. Pile Content
Pile
Number

Solid Fermented
Product

Park-Garden
Waste

Animal Manure

Lime

Sawdust

UM

1st Pile

700 Kg

100 Kg

100 Kg

10 Kg

10 Kg

2 Lt

2ndPile

600 Kg

200 Kg

200 Kg

10 Kg

10 Kg

2 Lt

3rd Pile

400 Kg

300 Kg

300 Kg

10 Kg

10 Kg

2 Lt

4th Pile

200 Kg

800 Kg

600 Kg

10 Kg

10 Kg

2 Lt

1. Fermented product layering

4. Sawdust

2. Park-Garden Waste layering

5. Lime

3. Animal Manure layering

6. Useful Microorganism

6. Final status of the Pile
Figure 3. Creation of the pile, respectively
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3. RESULT AND DISCUSSION
3.1. Temperature changes and Ripening of the Piles
It was observed that the temperatures in the heaps, which were measured at regular intervals, decreased as
of the 5th week and at the beginning of the 5th week, mixing was carried out for the 1st, 2nd and 4th batches.
While mixing, 2 Lt of useful microorganism culture was sprayed on the piles. As shown in Figure 3, it was
observed that the temperatures increased again after mixing. After the temperature dropped below 20° in
the 10th week, temperature measurement was not continued in the following weeks.

TEMPERATURE MEASUREMENTS (OC)
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19
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25
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3.

49
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61

.2

69
56 59 63
5555
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54
52
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51 54 4950
5249
40
60

3.

70

Figure 4. Temperature Measurements

In the 5th and 7th weeks, molding was observed in the piles as shown in Figure 5. The piles were kept for 12
weeks and the ripening process was completed. Porous, moist and pleasant earthy smelling compost
properties were observed in the piles whose ripening process were completed.

Figure 5. A pile starting molding

3.2. Screening
The product obtained at the end of 12 weeks was brought to the screening area with big bags as shown in
Figure 6 (b). In order to separate undesired materials (glass, stone, plastic, etc.) in the working piles, the
screening process was carried out by passing through a 15 mm screen, as shown on the left in Figure 6 (a).
Undesirable substances are significantly removed by the screening process.
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The final product was obtained by going under sieve at a rate of 64.5% in the 1st batch, 28.4% in the 2nd
batch, 20.3% in the 3rd batch, and 88.9% in the 4th batch shown in the jars in Figure 7. Samples of 500 g
each were taken from the final products under the sieve, and a second sieving was carried out with sieves of
10 mm and 3 mm diameter. Their sifted status is shown in figures 8 and 9. With this process, it was aimed
to obtain more purified products from undesired substances. However, in the second sieving process, since
it was seen that the material under the sieve was over 90%, it was seen that there was no need for a smaller
sieving pore, and a 15 mm sieve was sufficient.

weeks

Figure 6. (a) Product after sieving with a 15 mm screen

Figure 7. Screening with a 15 mm screen

(b) Transport of the product with big bags after 12

Figure 8. Screening with a 10 mm screen

Figure 9. screening with a 3 mm screen

3.3. Germination Test
At the end of the study, a germination test was conducted to evaluate compost toxicity. 4 types of compost,
sieved from 15 mm, were mixed with soil at 50% compost and 50% soil ratios on the basis of volume and
placed in 10 pots. Raphanus seeds were planted at a depth of 1 cm in each pot. An appropriate amount of
water was added to keep the mixtures at optimum humidity level. The pots were then placed in a suitable
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sunny area. Equal amount of water was given to all pots during the trial period with the help of a water
sprayer.
The plant germination test was followed for 14 days and the germination test results shown in Figure 10
have been achieved.

1st Pile

2nd Pile

3rd Pile

4th Pile

Soil
Figure 10. Germination Test

3.4. Analysis Results and Evaluation
With the completion of the 12-week ripening process, samples were taken from 4 different batches after 15
mm sieving and analyzes were made.
pH
In piles, the pH is in the range of 7.53 – 8.07. pH is a measure of the acidity of the raw material or compost.
The pH scale ranges from 0 (acidic) to 14 (basic), with 7 being neutral. Most finished composts have pH
values in the range of 5.0 to 8.5. The ideal pH value depends on where the compost will be used. A lower
pH is preferred for some ornamental plants, while a neutral pH is suitable for many other applications. pH
is not a measure of total acidity or alkalinity and cannot be used to predict the effect of compost on soil pH.
Table 2. pH Analysis Result

Parameters
pH

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

7,99

8,07

7,95

7,53

Soluble Salts
Conductivity in piles is in the range of 1.92 – 3.27 mmhos/cm. Soluble salts are determined by measuring
the electrical conductivity (EC) of the prepared slurry at a ratio of 1:5 (compost: water, weight ratio). EC
relates to the total soluble salts dissolved in the slurry and is measured in millimhos/cm (mmhos/cm) units.
Soluble salt levels in the compost are typically between 1 and 10 mmhos/cm. High salinity can be toxic to
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plants. Ideal soluble salt levels will depend on the end use of the compost. Soil or container media/pot
mixes and final compost mixes should be tested for soluble salts.
Table 3. Conductivity Analysis Result

Parameters
Conductivity

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

mS/cm

3,27

2,99

2,86

1,92

% Solid, % Humidity
Humidity in piles is range 31.1% and 44.2%. The ideal moisture content for composting depends on the
water retention capacity of the composted materials. Generally, materials with higher organic matter
content have higher water retention capacity and higher ideal moisture content. A typical starting compost
mix ideally has a solids content of 35-55% (65-45% moisture). If it is finished compost, it should have a
solids content of 50-60% (50-30% moisture).
Table 4. Humidity Analysis Result

Parameters
Humidity

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

%

42,8

44,2

39,7

31,1

% Organic Matters
Organic matter in piles ranges from 43.1% to 48.4%. Although the lower limit is 20% in the legislation for
both raw materials and finished compost, there is no ideal organic matter level for the upper limit. Organic
matter content decreases during composting. Typical feedstocks and starting mixes have an organic matter
content (on a dry weight basis) of more than 60%, while that of finished compost is in the range of 30-70%.
50-60% organic matter content (on dry weight basis) is desirable for most compost uses.
Table 5. Organic Matters Analysis Result

Parameters
Organic Matters

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

%

47,9

47,4

48,4

43,1

Total Carbon
Total carbon in piles ranges from 7.5% to 12.1% Total carbon (C) is the total measurement of all organic
and inorganic carbon in the compost sample. Unless the sample has a high pH (> 8.3) or the carbonate
content is known, essentially all the carbon is in organic form. Compost organic matter typically contains
about 54% organic carbon by weight. The carbon content of individual compost input materials may differ
from this ratio. According to the analysis result, the total carbon value is low, but it is known that some
carbon in the organic matter content is taken as biogas and this explains the situation.
Table 6. Total Organic Carbon Analysis Result
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Parameters

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

Total Organic Carbon

%

11,3

9,3

7,5

12,1
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Nitrogen: Total Organic, Ammonium and Nitrite
Total nitrogen in piles ranges from 1.16% to 1.42%. It contains all forms of nitrogen, including total
nitrogen (N), organic nitrogen, ammonium nitrogen (NH4 -N) and nitrate nitrogen N (NO3 -N). Total N
normally ranges from less than 1% to about 5% (on a dry weight basis) in most raw materials and 0.5 to
2.5% (on a dry weight basis) in finished composts. NO3-N (an optional test) is usually only found in low
concentrations in immature compost, while the amount increases as the compost matures. NH4-N levels
may be high in the early stages of the composting process, but decrease as ripeness increases. Organic N is
determined by subtracting the inorganic N forms NH4 -N and NO3 -N from the total N. However, since
NO3 -N levels are usually very low, total nitrogen minus NH4 -N provides a good estimate of organic N in
most cases. In stable, finished composts, most of the nitrogen should be in organic form. NH4 -N and NO3
-N can be used by plants immediately, while organic N is only available slowly at a rate of about 10 to 20%
per year. However, the mineralization or decomposition of organic N into available inorganic forms
depends on the C:N ratio as well as factors such as soil moisture and temperature.
Table 7. Total Nitrogen (TN) Analysis Result

Parameters
Total Nitrogen (TN)

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

%

1,42

1,19

1,16

1,29

Carbon: Nitrogen Ratio (Analysis Result: 17,4 – 20,8 NORMAL)
In piles, C:N ranges from 17.4 to 20.8%. It is the ratio of total carbon (C) to total nitrogen (N) in the
compost sample. The C:N ratio can be used as an indicator of compost stability and N availability. The
compost C:N ratio typically decreases during composting if the initial C:N ratio is > 25; however, if the
initial C:N ratio is low (< 15) and N is lost during the composting process, this ratio may increase as a result
of composting. Composts with high C:N ratios (> 30) make nitrogen fixation and uptake into the plant
difficult when applied to the soil. Those with ideal C:N ratios (15-20) mineralize organic nitrogen to
inorganic nitrogen, making it suitable for plant alumina.
Table 8. C/N Analysis Result

Parameters
C/N

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

18,5

19,9

20,8

17,4

Phosphor and Potassium (Analysis Result: Phosphor %0,3 -%0,4 Potassium %0,4 NORMAL)
Phosphorus ranges from 0.3% to 0.4% and potassium to 0.4% in piles. Phosphorus (P) and potassium (K)
are plant macronutrients. Reported values are for total amounts given in oxide forms (P2O5 and K2O).
These results give an indication of the nutritional value in the compost sample. However, it has not yet been
determined how much of the total phosphorus and potassium in the compost can be taken up by plants. The
amount of these nutrients can be increased and made suitable according to the type of plant to which it will
be applied.
Note: Nitrogen, Phosphor and Potassium Balance
When compost is applied on a nitrogen (N) basis, most composts will contain extra phosphorus (P) and
potassium (K) based on crop demand. These mineral elements and salts can accumulate in the soil above
optimum levels with repeated applications. Growers using compost should regularly test the soil to monitor
P, K and salt accumulation and consider using other nutrient sources or nitrogen fixing legumes in crop
rotations, especially when P and K levels are above optimum.
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Table 9 .Total Phosphor (P205) and Potassium Oxide (K2O) Analysis Result

Parameters

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

Total Phosphor (P205)

%

0,4

0,3

0,3

0,3

Potassium Oxide
(K2O)

%

0,4

0,4

0,4

0,4

Humic + Fulvic Acid (Analysis Result: %3,6 -%5,9 NORMAL)
Humic + Fulvic acid was found between 3.6% and 5.9% in piles and Humic and Fulvic acid are desired
substances in agricultural production.
Table 10. Total (Humic + Fulvic) Acid Analysis Result

Parameters
Total (Humic +
Fulvic) Acid

Unit

1st Pile

2nd Pile

3rd Pile

4th Pile

%

4,5

3,8

3,6

5,9

4. CONCLUSIONS
The improvement of the physical properties of soils is based on increasing the amount of organic matter in
the soil in the first place. In our country, where the application of barn manure is very limited, the humus
required by agricultural soils can be obtained from waste compost, which contains substantial amounts of
macro and micro nutrients and highly suitable organic matter. The organic matter content of the compost
produced within the scope of the Regulation on Organic and Organo-Mineral Fertilizers Used in
Agriculture must be at least 20%. As a result of the analysis, it was observed that the compost produced in
the study contains 40%-50% organic matter.
Another criterion of the regulation is humidity and it is specified that it can be maximum 35%. In the study,
it is seen that only the 4th pile remains in this range. However, considering that the humidity can be adjusted
on a commercial scale, it is not considered a problem.
The product obtained in the study provides the legal limit values. Although there is no problem with the
supply of the compost obtained from the solid fermented product to the market, there is no clear
information about its sale. As an alternative to the sale of this product, its use in parks and gardens can be
considered, or organo-mineral fertilizer production can be made from this product. In addition, a cost study
should be done by determining the production process and technology.
The most important advantage of the work done is mixing and moistening only at the beginning.
Afterwards, there is no need to mix again or add water until the compost ripens. It is known that in the
traditional aerobic compost method, mechanical mixing every day or every other day and water should be
added as it decreases. For this reason, the method we use in this study will be more economical and easier
than all other composting methods.
During the production of the product, a storage method will be needed for the undesired substances (stone,
plastic, glass, metal, etc.) in the compost content and the wastes left after their separation. Although there is
no clear data without a large-scale study, it is estimated that 10-50% of the wastes originating from the
separation will remain.
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Abstract
Food production is defined as a major threat to the environment. Therefore, dietary might change plays a
major role in reducing the environmental impacts. This study is aimed to comparing the environmental
impacts of the two (vegetarian and non-vegetarian) diets by using life cycle assessment (LCA)
methodology. The system boundaries in this study have been considered as the production of products so
that only activities until the end of production. The functional unit was selected for each diet as 2000 kcal
per day which is necessary for a healthy individual, and the foods in the diet have been preferred
considering the nutritional values, depending they will provide to the individuals. LCA analysis was
performed by using SimaPro 9.1.0 software. The life cycle inventory data was obtained using the
Ecoinvent 3.6 database and the life cycle impact assessment analysis was performed using the CML-IA
v3.06 impact assessment method. According to LCA results, vegetarian diet has shown about 8 times
lower environmental impacts to non-vegetarian diet in the eleven impact categories. It has been
determined that the GWP impacts of non-vegetarian diet and the vegetarian diet have 6.1 kg and 1.7 kg
CO2eq., respectively. By changing diet from non-vegetarian to vegetarian one, there is a chance to the
reduction of the amount of the environmental impacts on mainly climate change, ecotoxicity,
acidification, and eutrophication. This way might be explained such as: reduction of beef and dairy
products consumption, shifting to consume fish instead of beef, choosing more plant-based foods.
Keywords: Dietary patterns, life cycle assessment, non-vegetarian diet, vegetarian diet.
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1. INTRODUCTION
Food production is globally identified as a major threat to the environment [1]. Although agriculture provides
nutrition to a growing part of the world’s population, it is one of the most important leads to negative effects
on the environment [2]. Food production mainly impacts on climate change, land use, depletion of freshwater
resources, pollution of aquatic and terrestrial ecosystems through excessive nitrogen and phosphorus
consumption [3]. It is responsible for approximately 19-29% of total global anthropogenic greenhouse gas
emissions, consumes more than 70% of freshwater, and occupies 37% of Earth’s land mass [4-6]. The current
food production and consumption patterns are increasingly recognized as unsustainable. On the other hand,
there is the need to meet the nutritional need, which is a basic need, on the other hand, this situation poses
critical threats to the environment [7].
Therefore, a dietary shift is needed to decrease the environmental impact of the food production system. By
2050, nutritional trends, if left unchecked, will significantly contribute to an estimated 80% increase in global
agricultural greenhouse gas emissions from food production and global land clearing [8]. Considering these,
it is argued that dietary change plays a major role in reducing the environmental impact of food production.
According to the Euromonitor International report [9], the demand for new non-traditional nutrition types
such as vegetarian, vegan and ketogenic is increasing in the world. There is a growing trend of research
evaluating the environmental impact of diets and dietary changes [10]. Certain studies have shown that plantbased eating patterns perform better in terms of climate change, space and energy requirements [10-11]. The
environmental impact of diets has been measured depending on data from life cycle assessment (LCA) [1].
The LCA is the most widely used method to compare environmental loads from the agri-food sector [12] by
means of a standardized methodological framework for calculating the environmental impact of a product,
process, or service throughout its life cycle. Hence, this study aimed to compare the environmental impacts of
the two (vegetarian and non-vegetarian) diets by using the LCA methodology. These diets were considered
based on individual daily requirements for a person.

2. LCA METHODOLOGY
In this study, the LCA application was carried out in four steps including goal and scope definition, life cycle
inventory, life cycle impact assessment, and interpretation in accordance with ISO 14040 [13] and 14044 [14]
standards.

2.1. Goal and Scope Definition
In this study, it was aimed to compare the environmental impacts of vegetarian and non-vegetarian diets by
using the LCA methodology. The system boundary covers the production of diet components (as products).
The functional unit was selected for each diet as 2000 kcal per day which is necessary for a healthy
individual, and the foods in the diet have been preferred considering the nutritional values, depending they
will provide to the individuals.

2.2. Life Cycle Inventory (LCI)
In the LCI stage, vegetarian and non-vegetarian diets were planned and compared with each other to
understand the effect of consumption of various food components such as animal products, fruits, vegetables,
grains, and energy-intensive products. These diets and their components are detailed in Table 1. The
component of LCI data has occurred based on literature sources such as [15-16].
In particular, the meat products (such as beef, fish, chicken, etc.,) have not been considered as a component of
the vegetarian diet. Instead of meat products consumption, it was assumed that the basic intake values should
be compensated from eggs, pulses, tofu, and nuts for the vegetarian diet based on their energy content.
The life cycle inventory for the production of selected products in these diets was obtained by using the
Ecoinvent v3.6 database.

2.3. Life Cycle Impact Assessment
Life cycle impact assessment (LCIA) was performed by using the CML-IA v3.06 impact assessment method
in the SimaPro 9.1.0 software. The environmental impacts of the two diets were analyzed for eleven impact
categories including abiotic depletion potential for elements (ADPe), abiotic depletion potential for fossil
fuels (ADPff), global warming potential (GWP), ozone layer depletion potential (ODP), human toxicity
potential (HTP), freshwater aquatic ecotoxicity potential (FAETP), marine aquatic ecotoxicity potential
(MAETP), terrestrial ecotoxicity potential (TETP), photochemical oxidation potential (POP), acidification
potential (AP), eutrophication potential (EP).
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Table 1. The components of diets
Vegetarian
Non-Vegetarian
Amount
Energy value a
Amount
Energy value a
(kcal/diet)
(gram)
(gram)
(kcal/diet)
Tomato
167
28
147
25
Vegetables
Cucumber
197
32
176
29
Iceberg lettuce
44
9
53
11
Apple
90
47
90
47
Fruits
Banana
100
90
100
90
Orange
220
103
220
103
Bread
Wheat bread
100
124
100
124
Rice
100
162
90
146
Grains, Pulses
Chickpea
50
167
Potato
60
56
100
93
Milk
200
122
200
122
Dairies
Yogurt
100
60
100
60
Cheese
30
93
30
93
Meat product (Beef)
131
261
Meat, fish and
Fish (landed tuna)
30
37
poultry
Egg
50
75
25
37
Meat substitutes
Soy products (Tofu)
30
44
Almond
25
150
15
90
Nuts
Peanuts
25
142
15
85
Sunflower
8
71
5
44
Oils/fats
Olive oil
24
213
24
213
Others b
290
290
Total calories
2000
2000
a
Energy values were obtained from the dietary guidelines document [16].
b
Other components were also considered in daily consumption option according to dietary guidelines document [16].
Component
group

Component
details

3. RESULTS AND DISCUSSIONS
The characterization and normalization results are given in Tables 2 and 3 for two different diets. These
results were calculated for the selected functional unit. According to Table 2, the vegetarian diet shows lower
environmental burdens compared to the non-vegetarian diet in terms of eleven impact categories. The impact
percentage of each category was calculated by using the normalization results and their impact percentages
are also demonstrated in Table 3. By means of the normalization results (given in Table 3), these eleven
different impact categories can be comparable to each other. Moreover, these normalization results showed
that there is a significant difference (more than 5% unit) between these two diets in GWP, MAETP, TEP,
FAETP, AP, and EP categories.
Table 2. The characterization results of diets
Impact
categories
ADPe
ADPff
GWP
ODP
HTP
FAETP
MAETP
TEP
POP
AP
EP
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Units

Vegetarian

Non-Vegetarian

kg Sb eq.
MJ
kg CO2 eq.
kg CFC-11 eq.
kg 1,4-DB eq.
kg 1,4-DB eq.
kg 1,4-DB eq.
kg 1,4-DB eq.
kg C2H4 eq.
kg SO2 eq.
kg PO43- eq.

1.3E-05
1.0E+01
1.7E+00
7.4E-08
1.8E-01
1.3E-01
4.0E+02
1.4E-02
1.4E-03
1.2E-02
6.9E-03

5.0E-05
1.1E+01
6.1E+00
8.8E-08
7.1E+00
4.7E+00
1.9E+03
7.4E-01
3.5E-03
2.0E-02
1.5E-02
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Table 3. The normalization results of diets
Impact
categories
ADPe
ADPff
GWP
ODP
HTP
FAETP
MAETP
TEP
POP
AP
EP
Total

Vegetarian
Impact
Value
Percentage (%)
1.5E-13
2.5
3.3E-13
5.6
3.4E-13
5.7
8.3E-16
0.0
2.4E-14
0.4
2.6E-13
4.4
3.5E-12
58.0
2.8E-13
4.8
1.6E-13
2.7
4.3E-13
7.1
5.2E-13
8.8
6.0E-12
100.0

Non-Vegetarian
Impact
Value
Percentage (%)
5.9E-13
1.3
3.5E-13
0.8
1.2E-12
2.6
9.9E-16
0.0
9.2E-13
2.0
9.2E-12
20.0
1.7E-11
36.0
1.5E-11
33.0
4.1E-13
0.9
7.2E-13
1.6
1.2E-12
2.5
4.6E-11
100.0

These six impact categories were further investigated following section due to having a share of higher than
5% in the impact percentage values. Besides, these environmental burdens resulting from each diet and its
components are shown in detail in Figure 1.
•

GWP impact category has been observed that there was a reduction of approximately 72.3% when
the vegetarian diet was followed instead of the non-vegetarian diet. Besides, meat (as beef)
production is responsible for (about 73.5%) of all GWP in the non-vegetarian diet. The beef
production mainly contributes to this impact due to the beef production on pasture followed by the
slaughtering process and land use change on the pasture. In the vegetarian diet, the GWP impact
was caused by cucumber production (32.5%) and cheese production (20.9%) then is followed by
milk production with 13.6%. The cucumber production impact on the GWP dominantly occurred
due to the required energy consumption (electricity and heating) in the heating of the greenhouse.
This impact on cheese production has primarily resulted from milk production. Besides, the
environmental loads from the milk production direct occurred from milk production on farms and
indirectly from the production of feeding materials such as grass silage.

•

FAETP category has been led by the beef production (owing to beef production on pasture and
slaughtering) process that is the main impact contributor (with 98%) in the non-vegetarian diet. On
the other hand, in the vegetarian diet, the orange (direct production step) and cheese production
processes (due to milk production) are having a remarkable environmental impact on this category
about 35% and 26%, respectively.

•

MAETP impact has been measured by beef production (due to beef production on pasture and
slaughtering, and fertilizer consumption) which shows the dominant impact (81.5%) on the nonvegetarian diet. On the other hand, cucumber production (52%), rice production and cheese
production (13.4%) is the main contributor to this impact category in the vegetarian diet. The
irrigation system in rice production is the main responsible process for this impact category.

•

TEP impact mainly resulted from the meat production (approximately 98.5%) in non-vegetarian,
while cheese production (with 51%) is the major reason for this impact in the vegetarian diet. This
impact of beef production results from beef production on pasture followed by the slaughtering
process. In cheese production, TEP impact is mainly occurred due to milk production.

•

In AP impact category, non-vegetarian diet, beef (40%), cucumber (11.7 %), cheese production
processes (11%), and obtaining fish (during freeze service, 8.0%) are the main contributor to this
impact category. In the vegetarian diet, cheese, cucumber, and milk production processes are also
determined major contributors to this category. The direct milk production process is the main
responsible process in both milk and cheese production for this impact category. The required
energy production (heat and electricity) occurs an important impact on AP during cucumber
production.

•

EP impact category has resulted from the beef (58%), milk (11%), cheese (8%), and yogurt (5%)
production processes in the non-vegetarian diet. Besides, this impact might have occurred from
meat and dairy production processes that released emissions such as nitrate, ammonia, and nitrogen
monoxide. In the vegetarian diet, the eutrophication impact has resulted from the products of bread
(8%), grain and pulses (rice 9% and chickpea 5%), and dairies (milk 22%, cheese 16%, and yogurt
11%) production.
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Figure 1 (a-l) (continued). Impacts of nutrient production on certain impact categories in vegetarian and nonvegetarian diet
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Figure 1 (a-l) (continued). Impacts of nutrient production on certain impact categories in vegetarian and non-vegetarian
diet

4. CONCLUSIONS
This present study is aimed to compare the environmental impacts of the non-vegetarian and vegetarian diets
via the LCA methodology. The results of this study showed that is possible to evaluate different diet options
in terms of their environmental performance of them.
According to LCA results, a non-vegetarian diet has shown higher environmental impacts than a vegetarian
diet. The non-vegetarian diet has environmental burdens compared to the vegetarian diet, such as GWP by 3.6
times, FAETP by 35.2 times, MAETP by 4.8 times, TEP by 53.6 times, AP by 1.7 times, and EP by 2.2
times. Moreover, LCA results showed the meat production process has significant effects on all impact
categories in the non-vegetarian diet. Moreover, there is a chance of the reduction of the amount of
environmental impacts such as climate change, ecotoxicity, acidification, and eutrophication categories by
changing the diet from non-vegetarian to vegetarian. This reduction way might be considered such as a
decrease in beef and dairy products consumption, shifting to consuming fish instead of beef, and choosing
more plant-based foods. Thus, more sustainable dietary patterns might be created more environmental
benefits in the current life.
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Life Cycle Assessment of Three Municipial
Solid Waste Management Scenarious in
İstanbul
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Abstract
Industrialization and rapid population growth increase the production of solid waste and cause negative
effects on the environment. Since this waste must be disposed of safely, landfills are important. The increase
in industrialization and urbanization has caused problems such as increased energy demand, bulky waste
generation and environmental impacts. Municipial solid waste (MSW) has a negative impact on human and
environmental health. Solid waste management is directly or indirectly affected by government policies and
the development of economy and technology. To this end, life cycle assessment (LCA) provides information
on environmental impacts associated with waste disposal methods. Three different scenarios were applied
for municipial solid waste management for their impact on energy production and the environment. LCA
results also showed that scenario 2 (Combustible wastes are sent to incineration, others are sent to Landfill)
among all scenarios has the lowest environmental burden level in terms of global warming, freshwater and
marine ecotoxicity and non-carcinogenic human.
Keywords: Life cycle Assesment, Municipial Solid Waste

INTRODUCTION
Due to rapid industrialization and urbanization, solid wastes are increasing rapidly environmental and their
effects are important. From an environmental perspective, a separate collection and recycling system for postconsumer waste can contribute to improving environmental degradation and economic benefits [1]. The concept
of sustainability in waste management, in addition to appropriate disposal technologies and resource recovery
methods, provides a better decision-making process and supportive policies and achieves sustainable
development goals [2]. Life cycle assessment (LCA) there are different approaches and perspectives to measure
the impact of a particular product on a system. There are currently different approaches and perspectives in
LCA to measure the impact of a particular product on a system. LCA is the compilation and evaluation of the
1

Corresponding author: Yildiz Technical University Environmental Engineering Department, 34220, Esenler/İstanbul
afsinyc@yildiz.edu.tr

2

Bandirma Onyedi Eylül University Naval Architecture and Marine Engineering Department, 10200, Bandırma/Balıkesir

gbrdvD

lbilgili@bandirma.edu.tr

439

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
inputs, outputs and potential environmental impacts of a product system throughout its life cycle. The standard
methodological framework for LCA includes goal and scope definitions, life cycle inventory analysis, impact
assessment, and interpretation LCAs are commonly used to systematically assess the environmental impacts of
a particular product throughout its life cycle [3]. LCA is a relatively new concept, originally originating from
energy efficiency, which examines the environmental performance of products or services over the entire life
cycle. By adopting the concept from the cradle to the grave, LCA is used to examine the
environmental/social/economic effects of any product or service in the design/design, production, operation
and disposal/recycling processes while the product or service is still at the idea stage. The international
standardization of LCA has been achieved with a series of standards issued by ISO in 2006. ISO14040 and
ISO14044 cover Principles and General Framework and Requirements and Guidelines, respectively [7, 8]. LCA
basically consists of three stages. The first of these is the definition of goals and concepts. At this stage, the
inputs to be used in the LCA calculations, the intended outputs and the methods to combine them are defined.
In addition, the boundaries of the system are determined, which is a very important step for a LCA calculation.
As the second step, inventory analysis is performed [9]. At this stage, the components of the product or service
that are subjected to LCA calculations and the components obtained as a result of the analysis are determined
and recorded. In the third stage, the environmental, economic and social effects of the components obtained as
output are evaluated. Since all these processes are considered to be constantly interrelated and interrelated
according to LCA's unique definition, the relationship of the outputs obtained in each completed process with
other processes is examined and interpreted. There are many methods used for LCA calculations. Although
each method has its own good and bad sides, the ReCiPe method is accepted as one of the most up-to-date
methods. ReCiPe is a very useful LCA method that was first developed in 2008 and was revised and updated
in 2016 [10]. ReCiPe is used to calculate the final categories of human health, damage to ecosystem and damage
to resource use over the effects of many subcategories. Although the final categories are determined as the
target, sub-categories can also be evaluated separately [11]. There are many methods used for LCA calculations.
Although each method has its own good and bad sides, the ReCiPe method is accepted as one of the most upto-date methods. ReCiPe is a very useful LCA method that was first developed in 2008 and was revised and
updated in 2016. ReCiPe is used to calculate the final categories of human health, damage to ecosystem and
damage to resource use over the effects of many subcategories. Although the final categories are determined as
the target, sub-categories can also be evaluated separately [12].
Solid waste management (SW) is the most difficult challenge currently facing many countries [13]. SW requires
taking into account economic development and living standards of residents, as well as environmental impacts.
Various types of solid waste are produced in the world. Solid waste includes organic, inorganic and toxic waste.
Inorganic wastes include metal, glass, aluminum cans, etc. and can be removed from municipal solid waste by
quantile method. Organic waste inludes wood waste, green waste, food waste and non-hazardous waste. Solid
waste generation is an inevitable result of human activity and its management has a negative impact on both
human and environmental health.
According to the integrated waste management hierarchy; The main objective is to prevent and reduce waste
generation at its source [14]. However, in cases where waste generation is inevitable, other processes for reuse,
recycling and obtaining secondary raw materials are important. The most effective means of solving the waste
problem should be the development of reduce, reuse and recycling behaviors [15]. The three Rs, “Reduce,
Reuse, Recycle”, have become widely used by consumers for waste management. Thanks to the waste
production, which will decrease with the change of consumption habits in the Reduce method, a significant
contribution will be made to the reduction of environmental pollution. Unlike Recycling, Reuse also includes
obtaining energy from waste. In the recycling method, the production type of the waste is protected, it is used
repeatedly or similarly until the end of its life, without being subjected to any processing due to cleaning and
repair.

Figure 1. EU waste framework directive waste hierarchy
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MATERIALS AND METHODS
Waste generation in İstanbul

Istanbul is Turkey's largest city with a population approaching 16 million and has two important sanitary
landfills (stations), one on the Asian (Kömürcüoda) and the other on the European (Odayeri) side.
Approximately 17 thousand tons of waste is accepted to landfills per day [16].

LCA
The LCA was applied according to the methodology recommended by the International Organization for
Standardization ISO, 2006, 2006. In this study, endpoint indicators of the ReCiPe 2016 methodology were
chosen for impact analysis and interpretation as this LCA methodology provides the latest and harmonized
characterization factors with global representation [9].

RESULTS AND DISCUSSION:
LCA methodology and practice has been developed and LCA remains an important tool for understanding the
environmental impacts of materials and processes. In this study, 3 different scenarios were applied. Scenario 1
is simulated as %100 Landfill, Scenario 2 as Combustible wastes are sent to Incineration, others are sent to
Landfill, Scenario 3 as Organic waste is sent to Compost, combustible wastes are sent to Incineration, others
are sent to Landfill. LCA results are given in Figure 2.

Figure 2. The Results of LCA Analysis

LCA results also showed that scenario 3 has the lowest environmental burden level in terms of global warming,
freshwater and marine ecotoxicity and non-carcinogenic human among all scenarios. In scenario 2,
technologies contribute significantly to global warming. In all scenarios, the impact from ozon for depletion
and terrestial ecotoxity has a dominant contributor. In all scenarios, effects on water consumption relatively
minor role.

CONCLUSIONS
This study used LCA to evaluate waste MSW management of istanbul province of Turkey for waste
management. All scenarios were evaluated for global warming, mineral resource, land use and human
carcinogenic toxicity. The study suggests that sending combustible waste to Incineration, and others to landfill,
MSW is a viable approach to minimize environmental burdens and maximize resource recovery.
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Management System in Erciyes University,
Turkey
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Abstract
In this study, the design stages of the zero waste management system at Erciyes University were
evaluated. For this reason, studies such as current situation determination, needs analysis,
training/awareness-raising activities, monitoring, keeping records, and improvement activities were
carried out within the framework of the plans. In addition, strength, weakness, opportunity, and threat
(SWOT) analysis was carried out to activate waste management more effectively. With the activation of
waste directive in Erciyes University, it has been seen that significant contributions are made in terms of
waste management thanks to Green Metric evaluation and efforts to reach sustainability targets. It has
been determined that the elements determined by the SWOT analysis provide improvements in the
establishment of a zero waste management system.
Keywords: Waste management, university, swot, green metric.

1. INTRODUCTION
Zero waste, known as the prevention of waste, consists of a set of principles aiming to prevent waste
materials and to prevent their formation by protecting and recovering all resources [1]. Universities
conceptualized as small cities offer an ideal environment for sustainability concepts due to their size and the
effects of campus activities on the environment and society [2],[3]. For this reason, it is important that
sustainability can be applied and developed in these areas and systematized by following it. Green Metric,
which shows the sustainability degree of universities, provides a green measurement service by evaluating the
studies on environmental issues [4]. This measurement method is an evaluation tool in which knowledge and
experience are shared with international universities in terms of creating awareness among universities, green
campus areas and sustainability [6].
In Green Metric (GM) evaluation system, the concepts of environment, economy and social sustainability are
emphasized by aiming at universities to gain skills such as internationalization and recognition, increasing
awareness of sustainability, social change and action, and networking [4]. In the GM ranking; universities are
1

Erciyes University Environmental Engineering Department, 38080, Melikgazi/Kayseri berna0838@gmail.com

2

Erciyes University Environmental Problems and Cleaner Production Research and Application Center, 38080,
Melikgazi/Kayseri ozkan@erciyes.edu.tr

Corresponding author: seyma.aydin@erciyes.edu.tr

443

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
evaluated according to a total of 6 categories as setting and infrastructure (%17), energy and climate change
(%18), waste (%14), water (%11), transportation (%18) and education (%22). Green Metric has ensured the
development and follow-up the zero waste principle in universities with its sustainability assessment. Many
universities have established and implemented their own waste regulations [5]. In this study, the stages of
establishing a Zero Waste system at Erciyes University were evaluated and strength, weakness, opportunity,
and threat (SWOT) analysis was conducted.

2. MATERIALS AND METHODS
2.1. Study Area
Erciyes University (ERU), located in Kayseri, 15 kilometers southwest of the city. ERU has 1
campus, 29 academic units (19 faculty, 7 institute, 1 college and 2 vocational high school), 42 academic
centers as well as 2.209 academic, 4.795 administrative staff and 52.534 students operating in 123
departments.

Figure 1. Map Showing the Location of Erciyes University in Turkey and Campus Map

Considering the population density, it can be stated that the amount of waste that will be generated in the
university is not to be underestimated. Environmental problems are inevitable with the wastes produced. In
this context, the target is to determine the current situation in all units and to implement the zero waste
project.

2.2. SWOT Analysis in Waste Management
The SWOT analysis was formed by combining the initials of the concepts “Strength”, “Weakness”,
“Opportunity”, and “Threat”. Strengths and weaknesses of institutions or organizations; represents the
internal environmental factors that represent the qualities that they are superior or inferior to their competitors
in terms of indicators such as technology, application, and activity. Opportunities and threats show the
external environmental factors that may occur. In this study, survey studies were conducted with both internal
and external stakeholders, and the results were shared in the SWOT analysis.
In order to provide data for SWOT analysis, a SWOT analysis form was sent to units that have a high
frequency of waste generation and are thought to have a good command of waste management. In addition to
the data from the units, Erciyes University 2017-2021 strategic plan, Erciyes University UI GreenMetric
evaluations and data obtained as a result of field studies were used.

2.3. The Method Applied in the Collection, Accumulation and Transport of Wastes at the
University
In addition to the SWOT analysis, a number of studies were carried out for the implementation of the zero
waste management system, taking into account of the steps determined by the Zero Waste Regulation. In this
direction, first of all, criteria such as the number of people working in all units, the number of floors, and the
length of the corridors were evaluated, and the weekly, monthly and annual waste amounts were determined
both with the data obtained in line with the unit visits and with the inventory tables sent to all units. In this
process, special care was taken to calculate recyclable and hazardous wastes without mixing them with other
wastes.
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Waste collection equipment was determined and placed in all areas and units where waste was generated
according to the need analysis, and the collection of waste was ensured by providing the necessary
organizations with the municipalities that cooperated with the waste collection.

3. RESULTS AND DISCUSSION
3.1. Waste Generation
It has been determined that chemicals, equipment, piercing-cutting tools and other materials that cannot be
reused, especially used for education and health purposes in education and research laboratories and hospital
units, turn into waste after various processes. Erciyes University, which has a large area, contains
insignificant amount of waste. There are 7.004 personnel staff and 52.534 students in total at Erciyes
University, and the data according to the types of waste generated in the relevant departments are shown in
Table 1.
Table 1. Monthly Waste Amounts in the Units

Units
Rectorate
Administrative Heads
Faculties
Institutes
Vocational Schools
Other Academic Departments
Hospitals
Research Centers
TOTAL

Recyclable Waste
(kg/Month)

Other Waste
(kg/Month)

Hazardous
Waste
(kg/Month)

460
477
4.029
93
100
60
6.317
717
12.253

1300
477
7.960,5
185
500
241
1.900
1.264
13.827,5

15
24
635,5
10
5
7
34.273,4
52
35.021,9

When the rates of recyclable and other waste types and the percentages of hazardous waste types generated in
the units is analyzed, it is observed that hospitals (51.55%) produce the most recyclable waste, followed by
faculties (32.88%), research centers (5.85%), departments (3.91%).
Hazardous wastes generated in all units are separated according to their types in Chart 3 and the percentage
rates of one-month measurements are given. When the relevant ratios are examined, it is seen that the most
common waste types are medical wastes (54.65%), laboratory chemicals (15.01%) and fluorescent lamps
(12.05%). It can be said that the main reason why medical wastes are formed in excess of other wastes is due
to the population and application area of the university hospital and dentistry hospital, as well as the studies
carried out in research centers. The high rate of laboratory chemicals can be associated with the fact that
laboratory activities are carried out frequently due to applied education as well as academic studies
throughout the university.
Cartridge-toner; 1,99 Fluorescent Lamp;
12,05

Engine-transmission
oils; 0,04
Contaminated
packaging; 4,97
Soiled cloth; 1,43

Medical waste; 54,65

Laboratory chemicals;
15,01
Vegetable waste oils;
Acids; 0,09
7,11
Figure 1. Hazardous Wastes Occurring in Units

Waste battery and
accumulator; 2,66
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3.2. SWOT analysis of ERU waste management
The results of the SWOT analysis are as follows:
Strengths Analysis
ü

ERU is a research university. While ERU ranks between 301-400 worldwide in the Times Higher
Education (THE) ranking, it ranks 3rd in our country.

ü

Waste regulations: In 2017, a waste directive was established at Erciyes University to minimize
environmental problems and to effectively manage waste. In order for this aspect to work
systematically, our university has been regularly participating in the UI Green Metric evaluation
since 2017.

ü

Environmental coordination: Environmental Problems and Cleaner Production Research and
Application Center (EPCRAC) coordinates all units as a center that provides solutions, training and
support for the prevention or minimization of environmental problems.

ü

Awareness and project support: The university administration has a strong awareness of zero waste
and supports the zero waste project. The university provides all the necessary material and moral
opportunities for zero waste projects and sustainability studies.

ü

Temporary storage areas: Erciyes University Faculty of Medicine, Faculty of Dentistry, Faculty of
Veterinary Medicine and some other units have their own temporary storage areas for wastes. In
addition, recyclable wastes and hazardous wastes are collected separately by placing appropriate
trash cans in all units.

Weaknesses Analysis
ü

Lack of staff to coordinate: There is a lack of staff to deal with and coordinate full-time at
EPCRAC. Due to the lack of personnel, the intended trainings cannot be delivered to the target
audience. So different types of waste are thrown into the collection equipment, which is separated
according to waste types due to ignorance.

ü

Old habits about waste: In ERU, personnel staff, students and visitors have old habits and lack of
awareness about waste management. In addition, programs that minimize the use of paper and
plastic are not used effectively by university staff and students.

ü

Use of renewable energy: It is not yet at a sufficient level in terms of smart building applications
and renewable energy production.

ü

Temporary storage space limitation: The systems used in the collection and transportation of wastes
are sufficient. Except for some units in the university, no temporary waste storage area has been
established for the storage of wastes generated in some units.

Opportunities Analysis
ü

Supports: It provides the opportunity to receive external support from the government and the
sector for the development of a zero waste project.

ü

Goals: The university administration has a very positive attitude towards environmental activities
and wishes to move the place up in the Green Metric ranking as a University. Since it is a research
university.

ü

Use of energy: In some buildings on the campus, solar energy is used for water heating. In order to
save electricity and energy, an infrastructure that can be switched to LED lamps is applied.

ü

Competition: In the studies that support the competitive attitude of our university in waste
management, commercial areas such as canteens, cafes, etc. businesses play an important role. In
addition, GreenMetric evaluation, which creates global awareness with its sustainability strategy,
causes a competitive approach among universities in the world.

Threat Analysis
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ü

Area: Erciyes University has a large campus area and a large number of units. Medicine and
Dentistry etc. Due to the rapid growth of units and the formation of insufficient areas, waste storage
and so on. smell, noise, danger, etc. areas pose a threat

ü

Waste management: Laboratory wastes are not managed in some units.

ü

SWOT Analysis About Zero Waste Management System in Erciyes University, Turkey
Berna Akın, Oktay Özkan, Şeyma Aydın, İbrahim Uyanık
Population: Due to the university hospital and the ease of transportation, the population of the
campus increases day by day and therefore the amount of waste and pollution is increasing.

4. CONCLUSIONS
In the study, the waste generation of the design stages of the zero waste management system at Erciyes
University were evaluated successfully. In addition, SWOT analysis was made to better understand the waste
management strategy. The existence of the university's waste directive is the basis of its zero waste
management system. With its participation in the Green Metric evaluation since 2017, it can be said that the
waste management of the University is better. In addition, At the end of the study, it was determined that
regulations, directives, green metric evaluation and SWOT analysis supported each other. Carrying out all
these studies together can ensure the implementation of better waste management.
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Household Composting in North Syria Case
Study
Abdullah Saghir1
Abstract
The purpose of this study (Technical Assessment) is to recognize how to convert solid waste materials
into composting in North Syria , Non-State Armed Group (NSAG) controlled areas, and indicates the
produced mass of the compost per capita, the assessment showed that: the weather condition in North
Syria is suitable for converting the domestic solid waste into compost within 99-111 days at the
temperate: 10-350C,The volume of the compost is about: 49.3%-55.2% of the volume of the solid waste
before composting, that means the composting by housed hold could minimize the volume of solid waste
to 44.8%-50.7% so the environment pollution of the and cost of dealing with the solid waste will be low,
in general, the loss of mass and volume will have occurred during the composting process. The
productivity of compost of each family is about: 0.69 - 0,8 kg/day and the production per capita is 0.080.129 kg/day. and the density of the compost 851.6-933.8 kg/m3.Only 6% of the people who involved in
the questionnaire in Aleppo and Idleb governorates have no access to farmland whereas 94% of the
people have access to the farm and about 75% of the people who have access to the farmland use fertilize
, 92.35% of the interviewees reported that they are not familiar with the processes of converting the
domestic solid waste into compost, whereas 7.65% reported that they are familiar with the composting
process, and 57.1% of them reported that they were interested to convert the solid waste into compost and
42.9% of them expressed that they were not interest of composting; data shows the reasons why people
did not interested in:13.3% don't have the composting tools, 67.2% they do not familiar of composting
processes, 12.8% don't need compost and 6.7% of people that the composting need a long time..
Keywords: Household composting, the Syrian crisis, solid waste

INTRODUCTION
Solid Waste Management (SWM) as a result of approaches and practices that are used in different countries
there are differences, particularly between developed and developing countries [1]. Solid wastes are any nonliquid wastes that result from human and/or animal activities and are discarded as useless or unwanted [2]. A
lot of countries have realized that the way they manage their solid waste materials does not satisfy the goals
of sustainable development in the world [3], [4]. In developing countries, a huge volume of solid waste
disposed to the environment, so the solid waste management (SWM) is considered one of the critical
problems [5].
The pollution of the environment has affected the human world since early times and is still growing due to
excessive growth in developing countries [6]. Municipal solid waste (MSW) normally is a product of human
1
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activities [7]. Though SWM is one of the compulsory functions for improvement of urban lifestyle [8], an
integrated SWM is one of the critical challenges for sustainable development [9]. In developing countries, the
domestic solid waste contains important amount (50%) of biodegradable wet solid waste which could release
undesirable odorous [10], One of the important challenging difficulties in the field of solid waste
management especially in developing cities is the lack of current and detailed data [11]. Composting is the
method most commonly applied worldwide for the recovery of the source of elements of organic waste
because of its easy conduction and management [12]. Composting is an effective process for the valorisation
of kitchen waste into a stable and nutrient-enrich biofertilizer [13]. Studies analysing the most
environmentally friendly waste management methods had considered the home composting of the
technologies with the best environmental impact [14]. The reduction of volume, mass waste, and producing
compost for agricultural soil are considered the main advantage of composting [15]. Many factors can affect
the emissions of NH3 gas during the composting processes such as: pH, temperature, humidity, type and
properties of organic wastes, microorganisms, and aeration/mixing [16].Many factors influence composting
yields [17], such as the initial C/N ratio, pH, the oxygen supply, the initial C/N ratio of 20-40 is
recommended for composting of wet solid waste [18], The change in pH during the composting can also
result in metals solubilization in leachate [19], the oxygen supply is important to ensure the optimal microbial
activity. Emissions of NH3, N2O, CH4, and volatile organic compounds are significant environmental
concerns of the composting processes [20], The gases emitted from the composting process vary, and are
related to the initial materials composted and the applied methodology for composting processes (Ruggieri et
al. 2009).
The composting could be conducted in types based on the locations, so it could be conducted in house or
central place. the house hold composting requires low operation cost, and easy handling [21]. It could be
conducted in the domestic gardens and it has many advantages over central, commercial, compost preparation
facilities such as: nutrient cycles are closed [22]. For composting based on household, the householders
should realize the role of the composter and which materials could be disposed of in it, for example, in the
United Kingdom, householders were sold 0.3m3 tanks to be used as composter and they had been given
guidelines for using it in a good manner [23]. For achieving a successful program, it must be well designed,
managed, also the program operators will plan to obtain the necessary planning.
In North Syria, the local councils conduct solid waste management, these local councils face many challenges
when they work, due to lack of the financial resources, the main resource of their fund grants from nongovernment organizations (NGOs) [24]. The municipality of each community is responsible for SWM, the
solid waste collection (SWC) method was assessed in 2018 by the collaborative effort of the whole of Syria
Coordination team (WOS), water, sanitation, and hygiene (WASH) partners, From Syria, Turkey, Jordan,
Iraq and Lebanon Humanitarian Hubs [25]. In Syria, now, the Solid waste collection methods are conducted
in many ways as the following:
•
Household solid wastes are disposed to a dumping site: in this method, the householders transfer
the solid waste by trucks (mostly a tractor with trailer due to the lack of compressed waste trucks)
to the dumping site, this method came out after 2011 in the north of Syria especially at communities
that are not served by governmental solid waste collection.
•
Solid waste left in public areas: in this method, the people throw the solid wastes in public areas
such as streets, and public areas because individuals and/or local councils do not have the ability to
transfer the solid waste to the dump sites. This method also came out in the north of Syria after
2011, where the people became under poverty and the local councils do not have enough resources
for conducting solid waste management.
•
Free public solid waste collection: in this method, each local council in each community conduct
solid waste management without receiving any fees from the served people. These local councils
mostly are supported by NGOs.
•
Paid private garbage the collection: in this method, the local council of each community conduct
solid waste management and taking fees from the served people due to the lack of support.
•
Garbage buried or burned: in this method, the people burn or bury the solid waste. This method also
came out after Syrian crisis because the people and the local councils do not have enough resources
for conducting solid waste management.
The table (1) showed collection methods and their percentage for Dana and Daret Azza subdistricts where the
research was conducted [25].
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Table 1. Solid waste collection methods and their percentage of Dana and Daret Azza subdistricts.
Subdistrict

Dana
Daret Azza

Solid wastes are
disposed by
households to a
dumping site
(%)

Solid waste left
in public areas
(%)

Free public
solid waste
collection (%)

Paid private
garbage the
collection (%)

Garbage buried
or burned (%)

0

0

98.98

1.02

1.02

1.05

5.26

54.74

10.53

29.47

Household composting in North Syria could be achieved and succeeded because the climate conditions are
suitable, and also because there is a large component of organic materials so it could be a resource for
producing a compost as an example is MSW of Aleppo city which contains 58% organic matters [26], The
household composting projects are very suitable in North of Syria due to the availability of domestic gardens
and agricultural lands that need soil conditioners (North Syria is considered as an agricultural lands), as well
as the lack of supported municipalities and companies which could conduct a central composting of the
waste.
The author hopes of this research:
•
•
•
•
•

Verify of the ability to convert the domestic solid waste to compost-based household in North
Syria.
Determine the expected amount and the volume of the compost which could be produced by a
household.
Study of people accept of the topic of converting solid waste into soil conditioners.
Verify of the way cause of composting in Syria.
Assess the abilities of the communities to convert the solid waste into compost and take a deep idea
about the solid waste condition in the targeted communities.

North Syria suffers from solid waste accumulation problems and lack of treatment, as it is often left in
public places due to the lack of financial capabilities of the local councils to collect and treat it, so the authors
hope that household composting of the solid waste will be one of the important solutions to the solid waste
accumulation problems in Syria and this research could be considered a first step in this field in North Syria,
and, its results could be used to start small and medium projects related the household composting.

2.

METHODS

The current study was carried out in Dana Sub-district, which is located in Idleb governorate, and also in
Daret Azza Sub-district, which is located in Aleppo governorate as in figure (1) and figure (2) and are
controlled by Non-state armed groups since 2013. the number of the population of Deir Saman is 4199, and
Tal Elkaramej is19917. The author and the team of Syrian Engineers for Construction and Development
(SECD) organization, which is registered in Turkey and works inside both Turkey and Syria, conducted field
experiments about converting the solid wastes to compost. As a sample, three households of both Deir saman
and Tal Elkaramej communities were selected to convert the domestic solid waste into compost and gender
segregation of each family shown in table 2. Only organic solid wastes were considered for composting while
the non-organic wastes were separated by the householders. As for the remnants of food, vegetable peels,
fruits, and other organic materials, the people dispose them as a solid waste, and this is the organic waste on
which the study of converting household waste into soil conditioners was conducted.
Also, SECD team conducted a filed questionnaire in the target locations using Kobo Toolbox (the
questionnaire is attached), to assess the abilities of the communities to covert the solid waste into compost
and take a deep idea about the solid waste condition in the targeted communities, 133householders (HHs)
samples were interviewed:64HHs of Deir Saman (48.12%), and 69 HHs of Tal Elkaramej (51.88%). The
reference [27] was used for determining the size of the sample. The confidence level need was 95%, the
margin of error was been accepted is 5%, also the response distribution was 50. In terms of the numbers, we
selected above, the sample size (n) and margin of error (E) are given by this Equation:
!

! = #$%(100) *(100 − *)
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where (N) is the population size, r: is the fraction of responses that we are interested in, and Z(c/100) is
the critical value for the confidence level c. the householders were: 28 female (21%) and 105 males (79%),
and 46.5% IDPs, 53.5 HHs residents as shown below:

Figure 1. The targeted locations

(a)

(b)
Figure 2. Deir Saman, and Tal Elkaramej communities
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Demographic information and the percent of samples
% Males
% Females
% Hosted people
% IDPs
% Tal Elkarameh
% Deir saman
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60%

70%
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100%

Figure 3. The demographic information and the percentage of samples
Table 2. The selected households gender segregation.
Family

Community

Governorate

The disaggregation of the families by gender and age
Men

1

Deir saman

2

Deir saman

3

Tal Elkaramej

Aleppo
Aleppo
Idlib

Women

Girls < 18

Total

Boys < 18

1

1

2

2

6

1

1

4

2

8

3

3

2

2

8

Each family received 3 plastic bins of dimension: height: 67 cm, diameter: 32.5 cm, the plastic waste bins
were used to make a recycle for the plastic and encourage this method. The bins were punctured with holes
where the distance between each row is 10cm, and the distance between holes is 10 cm width,10 cm height
and the diameter of each hole is 14 mm, as shown in figure 4. These holes allow the air to enter to the bins
and aerobic composting of the solid waste in order to decomposition of organic matter by aerobic
microorganisms that need oxygen which found in the air, these aerobic microorganisms live in moisture
around the organic matter. On other hand the harmful bacteria and pathogens will be killed by the heat which
result from the aerobic composting. The domestic solid waste materials were filled by the householders in the
early morning and the three bins were filled with only organic waste from start to finish each bin takes only
33-37 days for filling so the three bins take about 99-111 days for the filling, The three bins were filled in
respectively so that the first bin is filled, then the second and the third one, after the completion of the third
one filling, the 99-111 days have passed and the compost has matured and can be used in garden, In
household composting methodology: biodegradable solid waste originated by families is used to yield
compost for using it by the families or in near the location of the targeted household [23].
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(a)

(b)

(c)

Figure 4. Plastic waste bin was used in the experiment

3.

RESULTS AND DISCUSSION

3.1

Compost Production

The technical assessments were conducted by the author and SECD team from January until May 2020. The
results of the assessment are shown in table 3, also the figure 5: Showed some pics during the composting
process by the householders, and figure 6 showed the compost after 3 months of the first day of starting the
filling. The ratio of nitrogen to carbon was not rated because there is not a specified laboratory for doing
these tests in the north of Syria. The present study demonstrated the production of quality compost in a fair
duration.
Table 3. The result of solid waste composting.
The height
of the waste
in the first
bin after 3
months (cm)

The
productivit
y
of
compost
household/
kg.day

The
productivit
y
of
compost
Person
/kg.day

The density
of
the
compost
(kg/m3)

Sample

communit
y

1

Deir
Saman (1)

33

31

23,3

0.78

0.129

851.6

2

Deir
Saman (2)

37

38

26,4

0.69

0.09

860.5

3

Tal
Elkaramej

35

34

27,1

0.80

0.08

933.8

The
duration of
the filling of
the first
sample
(days)

The weight of
the compost in
the one plastic
bin after 3
months (Kg)
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(a)

(b)

(c)

(d)

Figure 5. Pics during the composting process by the householders

(a)

(b)

Figure 6. Compost after 3 months of the start filling.
There are some physical indications that the domestic solid waste became a good compost; it was dark brown,
fine particles with no sign of original waste or big bits, smells earthy, the fluid and moisture is low. Also,
some farming soil and leaves were to the organic solid waste for reducing the expected bad odours its
percentage 10-15%, The volume of the compost is about: 49.3%-55.2% of the volume of the solid waste
before composting, that means the composting by household could minimize the volume of solid waste to
44.8%-50.7% so the environment pollution of the cost of dealing with the solid waste will be low. In general,
the loss of mass and volume will have occurred during the composting process. The same value was
investigated by [28]. The productivity of compost of each household is about: 0.69 - 0,8 kg/day and the
production per capita is 0.08-0.129 kg/day. and the density of the compost 851.6-933.8 kg/m3, approximately
value has been investigated by [23].
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3.2

Descriptive Statistical Analysis

The filed questionnaire that was conducted to assess the abilities of the communities to convert the solid
waste into compost and take a deep idea about the solid waste condition in Deir Samaan and Tal Elkaramej
communities showed the following:
Only 6% of people who involved in the questionnaire of Deir samaan and Tal Elkaramej communities have
no access to farmland whereas 94% of the people have access to the farm and about 75 % of the people who
have access to the farmland use fertilize, and 23% of the interviewed people said that they do not have solid
waste bins in their households, 77% of them have solid waste bins in their households, and 67% of them use
basket bins and 33% use plastic bags. 65.8% of the interviewed people made a separation of solid waste
materials based on the household, and 34.2% of them did not conduct any separation, the type of the
separated solid waste materials were batteries and electrics:10.7% and also other materials such as: glass:
40%, metal:13.3%, paper: 5.3%, plastic: 22.7%, texture: 8% waste and materials that were separated from
organic materials were sold and part of them as papers are used in heating in homes. About 92% of them said
they sell it, and 5.3% recycle it, %2.7 random or throw it as showed in figure7. Regarding the people who do
not separate the solid waste, they do not separate the solid waste because 30.8% have no enough recyclable
materials, 5.1% lack of awareness, 28.2 do not have time, and 35.9% not interested as showed in figure 8, the
organic materials which is not separated by the householders were used for composting.

Texture . 8,00%

Batteries&
electrics .
10,70%

Plastic. 22,70%

Glass. 40,00%

Paper. 5,30%
Metal. 13,30%

Figure 7. The type of the separated solid waste materials by the household.

Have no enough
recyclable
materials.
30,80%

Not interested .
35,90%

Lack of
awareness .
5,10%
DO not have a
time . 28,20%
Figure 8. The reasons why people do not separate solid waste.

92.35% of the interviewees reported that they are not familiar with the processes of converting the domestic
solid waste into compost, whereas 7.65% reported that they are familiar with the composting process, and
57.1% of them reported that they were interested to convert the solid waste into compost and 42.9% of them
expressed that they were not interest of composting; data shows the reasons why people did not interested
in:13.3% don't have the composting tools, 67.2% they do not familiar of composting processes, 12.8% don't
need compost and 6.7% of people that the composting need a long time as shown in figure 10. The author
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wants to know if supporting the people with a small amount of money will make the people more interesting
of composting processes based upon households, so the interviewed people were asked: if they would support
with 10-20$ monthly, 92.1% said yes, they will do composting, whereas 7.9% said no, as in figure 11.
86.84% of the interviewed people assured that the public solid waste management is available in their
neighbourhoods, 13.16 of them said there are not, 26.6% deposed it in open area, 40%, burn it and 20% bury
it. About 78.9% out of 86.84 % the interviewed people, who have access to the SWM, were satisfied with
waste collection, 7.9% was not satisfied, and 13.2% did not answer the question, the solid waste collection
frequency: (SWCF) Once a week: 6.1%, Twice a week:71.9%, Three times a week: 3.5%, daily 5.3% and
13.2% did not give any answer, the SWCF once a week or twice a week are considered too low, it must be at
least two times a week in the crisis [29].

42,90%
57,10%

% Not interested

% Interested

Figure 9. The percent of people who are interested or not interested in convert the solid waste into compost.

6,70%

13,30%

12,80%

Don't have the
composting tools
Don't know how
Don't need compost
It needs long time

67,20%

Figure 10. Reasons why the people do not interest in convert the solid waste into compost.

456

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

7,90%

% Not interested
% Interested
92,10%

Figure 11. The percentage of people who said they will be interested in converting solid waste to compost if they were
given 10-20$ monthly.

4.

CONCLUSION

Many developing countries suffer from the solid waste pollution and accumulation problems, including Syria.
Applying the household composting for the domestic solid waste method will save the costs of solid waste
collection, transferring and disposal. And it will protect the environment and improve agricultural soil
properties, household composting on the solid could be achieved and succeeded due to the climatic
conditions are appropriate , the availability of the domestic gardens ,the high content of organic materials in
solid wastes and popular acceptance, and field experiments have proven the possibility of converting
household organic waste into compost within 99-111 days, and also interviews and questionnaires have
shown the existence of a popular demand for that. But it is necessary at the beginning of applying this
method to support people with the necessary equipment and conduct the necessary training. People in
Northern Syria do not know how to convert organic waste into soil conditioners.
It is highly recommended to establish general management of solid waste in North Syria to achieve the
best service of SWM and use the available resources in a good way and take a benefit of the studies which
related to the developing countries to convert solid waste into compost. It is very useful in countries
experiencing a humanitarian crisis such as Syria for the United Nations institutions and clusters such as :
Water, Sanitation, and Hygiene (WASH), Early recovery (ER), and Food security and livelihood (FSL)
encourage the NGOs to conduct a pilot project about the composting to reduce the pollution of solid waste
and use the cash for work activities for encouraging the communities to convert the solid waste into compost
and use the compost for improving the characteristics of the farms soil in Syria. The researcher hopes that
more detailed research will be conducted on the quantity and quality of compost that can be produced in
households in North Syria, and to benefit from international research to reduce compost production time and
improve its quality.
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The Effect of Bags Law on Environmental
Behavior and Habits- Mersin Example
Mutlu Yalvac1, Mohammed Saleh2, Melis Gun3, Hudaverdi Arslan4
Abstract
The use of plastic bags (PB) has increased continuously over time because of their multipurpose
property. Due to its environmental effects, Turkey has approved a new law to limit the use of plastic bags.
According to the approved Turkish plastic bags law (PBL), plastic bags of 15 microns or more are
prohibited from being given to the customer free of charge. The effects of the new law were investigated
by applying a face-to-face survey consisting of 13 questions to 1537 people in four districts close to
Mersin city center. In addition to that, field surveys were managed to the common markets in the target
area. From the target sample, 159 males and 128 females had not bought the PB after the law. Whereas
184 males and 178 females had bought PB for 10 times or more. The monthly income has a weak
correlation with the plastic bags purchasing times. Families with 1-3 capita, 4-6 capita, and larger
families who never bought plastic bags have moderate negative correlations. Families with 4-6 capita
and larger families have a significant strong positive correlation at the (P<0.01). It was found that
people aged 50 years and over who participated in the survey were less aware of the negative impact of
bag use on the environment than younger ones. The garbage plastic bags consumptions have not
increased as assumed were assumed to be increased. The managed field surveys proved that. The results
from the surveys showed a decrease in PB consumption with a ratio between (60-80%).
Keywords: Human Habits, Mersin, Plastic Bags Plastic Bags Reduction, Law, Tax, Turkey.

1. INTRODUCTION
Plastic Bags (PB) was designed for the first time by StenGustafThulin. It was patented and commercialized in
1965 [1]. It aimed to facilitate the transportation products from market to the destination. The single-use
average time was 12 min [2]. Shopping bags were used over the world because of their thin-film structure,
waterproof, lightweight, and cheap (free in markets). Many expressions are describing plastic bags Types.
Some of these are listed below [3].
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Table 1. Plastic bags type's definitions [3].
Shopping Plastic Bags (SPB)

It obtained from seller at the market point to carry products. It formed
partially or completely from polymers.
High-density polyethylene (HDPE) bags, and in general it has a thickness

HDPE bag

less than 35 microns. It is often referred to as supermarket style bags, single
bags, disposable plastic bags, and lightweight plastic shopping bags.
Generally used in supermarkets or grocery stores.

Boutique bag
Green Bags

It made from Low-density polyethylene (LDPE) bags. It normally has
printed trademarks and usually supplied from clothes and electrical markets.
Reusable "green" bags. They are durable bags made of polypropylene and
designed for multiple uses.

From the first day, the demand for plastic bags has increased due to their practicality. The expansion in the
large shopping center also increased the demand by providing free-of-charge plastic bags to ensure customer
satisfaction. As a result, a tremendous quantity of naturally non-recycled plastic bags was thrown. When the
contribution of non-recycled plastic bags on environment pollution became significant, many governments
had been forced to arrange legally the uses of plastic bags [4].
The arrangement procedure had taken three shapes; the first one related to imposing taxes on the disposal of
plastic bags; the second is related to charging the plastic bags; the last one related to collecting or exchanging
the plastic bags for fees. Many governments applied the first vision [5, 6]. In the beginning, the applied tax
reduced the using of plastic bags [7, 8]. Despite the high taxes, the decreasing in using plastic bags did not
continue, since the people returned to their habits [9, 10]. Prohibitions and exchanging the plastic bags for
fees have been more effective in reducing bag use. In 1994 Denmark introduced a tax law on plastic bags
disposal [11]. In 1998 India followed Denmark in enacting legal laws [12]. The emerged effects of plastic on
the environment led many countries to introduce legal regulation [11].
The first conference related to environmental issues was held in Bern in 1913. The European environmental
advisory board was organized in 1965 at the United Nations building [13, 14]. The first international
conference on environmental rights was held in Stockholm in 1972 by the United Nations [15].
In Turkey, The first environmental regulations were included in Municipalities Law No.1580 [16] and Public
Health law No.1593 [17] in 1930. These laws include regulations on the waste collection, storage, and
protection of the environment and human health. Article 56 of the 1982 Constitution states that people have
the right to live in a healthy and sustainable environment, and the state and citizens have to develop and
protect the environment [18]. Environmental Law No. 2872 was approved in 1983. In 1991, the control of the
effects of the solid waste on the environment began with the Regulation on Solid Waste Control [19]. Until
these days, many legislation were regulated, developed, and implemented with consistency with European
Union Legislation. After the scientific demonstration of the negative effects of plastics on the environment,
many countries such as the Republic of Turkey had adopted regulations that limit the use of plastic bags.
To reduce the use of plastic bags and plastic packaging, the approved plastic bags law (PBL) (7153) on 10
December 2018 prohibits the free charge using of plastic bags with a double thickness of more than 15
microns. The PBL aimed to reduce the annual use of 400 plastic bags per person up to 90 units per person
until 31.12.2019, and 40 units per person until 31.12.2025 [20].

2. MATERIAL AND METHOD
2.1. Study Area
Mersin province is located at the center of the southern coast of Turkey at the Mediterranean Sea. In 2018, the
total population in Mersin reached 1814468 capita [21]. They are distributed over 13 districts. Mersin extends
over an area of 15.853 km2 [22]. Figure 1 shows the district of Mersin.
The districts were selected according to their economic status, social structure, and the number of shopping
centers in the region. Erdemli district is further away from the city center than other districts. People living in
this region are mostly engaged in agriculture. The number of people coming from outside migration is low.
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They have a more traditional lıfe way. Mezitli is a region where Mersin province has developed greatly in
recent years. In Mezitli, the agricultural area has decreased by 80% in the last decade, and these have been
replaced by large multi-story sites. There are many shopping centers in this area. Yenişehir district is located
close to the center. In this area, there are many shopping centers as well as residences. The economic situation
of the people living in this region is high. The Mediterranean district is located in the old city center of
Mersin. The economic and social situation of the people living in this region is very complicated. In general,
old warehouses are located in this region. Also, this region is the most region affected by migration (internal
and external migration).

Figure 1. Mersin province (Turkish State Meteorological Service, 2019).

2.2. Effect of Plastic bags Law on the People Habits Exploration
The effect of the PBL on the people habits was explored in the target area by field surveys for the period from
20/4/2019-01/05/2019 face to face by students from environmental engineering department - Mersin
University.
The data related to people habits were recognized and designed as a questionnaire. It had been distributed
over samples sizes which achieve a 95% confidence level with 5 confidence interval. Sample sizes were
determined using equation1 [23].

Sample size =

!! ×$×(&'$)
)!

(1)

Where, Z, P, and C are the Z-score, Percentage of population picking a choice, and Confidence interval,
respectively.
The questionnaire had 13 questions. Each question has been prepared to be clear and understandable. The
results from questionnaires were analyzed for each district. Table 2 shows the questions.
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Table 1. The prepared questionnaire
Question

Answer

What is your Gender?

Male

Female

What is your Age?

18-25

25-35

35-50

>50

What is your Education?

Reading/Writing

Primary sch.

High Sch.

University

What is your monthly income

<1000

1100-2000

2100-4000

>4000

What is your Family Size?

1-3

4-6

7-10

>10

< weekly

weekly

2 time / week

Every day

How do you often making
shopping
Do you know PBL?
Do you use Market bags as
garbage bags?
Did you buy a market bag

Yes

No

Yes

No

No

after PBL?
Are you purchasing garbage

Yes (3-5)

Yes (6-10)

Yes

bags?
How many daily garbage bag
do you waste?

Yes (>10)
No

1-2

3-4

4-5

>5

1-2

3-4

4-5

>5

How much do you buy
garbage bags monthly? (Pack
of 20)
Do you think the market bags
(plastic) are harmful to the

Yes

No

environment

2.3. Statistical Analysis
SPSS software (SPSS v20.0) was used in the statistical analysis. The Pearson correlation test was used to
study the relation between the different factors.

2.4.

Effect of Plastic bags Law on Shopping Center (Market)

The effect of the law on the shopping center was explored by a separate survey. The most famous and popular
shopping centers (market) were selected to be the target. The shopping centers were visited separately by the
surveyors. The data from shopping were used in two approaches; the first is to examine the effect of LPB on
the bag consuming from market view. The second is to support the questionnaire results.

3. RESULT AND DISCUSSION
3.1. Sample Size
By applying equation1, the sample size for each district was obtained. In total, 1537 questionnaires were
prepared and distributed over the target area. The survey last 10 days, the results were arranged using excel
program. Table 3 shows the population of each district and the sample sizes.
Table 3. The population and the sample size of each district
District

Population (Mersin Nüfusu, 2018)

Sample size

Erdemli

140331

383

Mezitli

194019

384

Yenişehir

258694

385

Akdeniz

264618

385

Total

1537
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3.2. Effect of the consumer gender on the plastic bags consumption
It had thought that the application of the law is affected by consumer gender. It had assumed that males are
purchasing plastic bags more than female.
In Erdemli district, 55% of the sample was male, the percentage of female was 45%. In Mezitli and Akdeniz
male recognized 51.5% and 62% of the sample respectively. In Yenişehir the percent of male reached 45% of
the sample. Figure 2 shows the gender size within the sample in each district.

300
Male

250

Female

Capita

200
150
100
50
0

Erdemli

Mezili

Yenişehir

Akdeniz

District
Figure 2. Gender size within the sample

From the target sample, 159 male and 128 female had not bought the PB after the law. Whereas 184 male and
178 female had bought PB for 10 times or more. The largest female and male part had bought PB for 3-5
times. The number of male and female who had bought PB for 6-10 times was 169,161 respectively. Figure 3
shows the PB purchase times according to gender along the target area.

Figure 3. The PB purchase times according to gender along the target area
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3.3. Effects of the monthly income and family size on the plastic bags consumption
The monthly income and the family size effects on the PB purchase were studied over the four districts. Over
the random sample, there were 211 questionnaires with income less than 1000 Tl, and 384 for the income
level between 1000-2100. The most statement about income range was 2200-4000 with 531 answers. There
were 338 questionnaires for the income larger than 4000 Tl. Table 5 shows the families sizes corresponding
to their income level.
Table 2. Family sizes corresponding to Income level
IncomeLevel

Family Size

1000-2000

2100-4000

>4000

1-3

112

168

194

149

623

4-6

137

160

259

135

691

7-10

26

41

57

30

154

>10
Total

Total

<1000

9

15

21

24

69

284

384

531

338

1537

The families with size of 1-3 comprised 45% of the total families who participate in the survey in Akdeniz.
While in Erdemli, Mezitli, and Yenişehir it is about 40%. In Mezitli, and Yenişehir 50% of the families was
4-6 capita. The families with a size of 7-10 formed percent of 7-12%. The big families (more than 10)
constituted 7.8% in Erdemli. However, it composed just 1.5 % in the other districts. Figure 4 shows the
families sizes in the random samples.

Figure 4. Families sizes in the random sample over the four districts

The study assumed that families with higher income would buy PB more than others. While the limited
income families would save more than others. To test this assumption, Pearson correlation test was performed
and the results are shown in Table 6.
Table 6. Pearson correlation test for income level and PB purchase
Income Level for Each District

PB Purchase

Erdemli

0.016*

Mezitli

-0.035*

Yenişehir

0.076*

Akdeniz

0.046*

*p < 0.05; **p < 0.01
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Correlation results between the income level and the PB purchase show a very weak correlation (p < 0.05)
over the study area. The results reject the above assumption. This results could be explained by the price of
the plastic bags. The plastic bag can be bought for 0.25TL, whereas the green bag price 2 TL.
For the family size, it was thought that the larger family will tend to use the green bags and will not buy the
plastic bags. While the families with less capita will continue in using the plastic bags. The family size and
the plastic bags buying were correlated by Pearson correlation test and the results are shown in Table 7.
Table 7. Pearson correlation test for family size and PB purchase.
Never

3-5

6-10

>10

Family (1-3)

-.532

.090

.607

.902*

Family (4-6)

-.871

.955*

.726

.957*

Family (7-10)

.771

.685

.779

.009

-.541

*

Family (>10)

.981

1.000

**

.967*

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Pearson correlation test show a strong relationship between family size and the PB purchase. Families with 13 capita, 4-6 capita, and larger families who never bought plastic bags have a moderate negative correlation.
While Families with 4-6 capita and larger families have a significant strong positive correlation at the
(P<0.01). There are significant correlations at (P<0.05) for the families with 4-6 capita and larger families
with plastic bags purchase rate larger than 10 times. These results clearly indicate that there is a relation
between the family size and the PB purchase.

3.4. Effects of the age and education level on the plastic bags consumption
The age and education level had been expected to affect the consumption of PB. To study the effect of age,
four different categories were set as shown in Table 2. The average samples ages in Erdemli, Mezitli,
Yenişehir, and Akdeniz were 38.13, 35.6, 35.8, and 34.9 years respectively.
The education level was categorized into; reading-writing, Primary school, high school, and university.
According to Table 8, there were 677 questionnaires with an education level of the university. And just 173
person can write and read level.
Table 8. Distribution of education levels according to age
Education

Age

Total

Reading-writing

Primary

High School

University

18-25

22

40

71

269

402

25-35

37

57

141

168

403

35-50

62

92

162

169

485

>50

52

66

58

71

247

173

255

432

677

1537

Total

Pearson correlation test was performed to study the relationship between the age and the PB buying times.
The results from the test are shown in Table 9. The results in general shows a weak correlation between the
age and the PB purchasing times. In Erdemli district, the correlation was positive with confidence of 95%.
The other districts show negative correlation between the age and the times of PB purchasing (p<0.01 for
Mezitli and Akdeniz, p< 0.05 for Yenişehir). This mean the age has a relative relationship with the PB
purchasing in those districts.
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Table 9. Pearson correlation test for age and PB purchase
Age
Erdemli
Mezitli
Yenişehir
Akdeniz

PB Purchase

Age

1

PB Purchase

0.03*

1

Age

1

PB Purchase

-0.184**

Age

1

PB Purchase

-0.066*

Age

1

PB Purchase

-0.193**

1

1
1

*p < 0.05; **p < 0.01

The PB purchasing times assumed to be affected by the education level. In order to study this side in Mersin,
the data were analyzed by Pearson correlation test. The results shown in Table 7 show a positive weak
correlation between the education level and the Purchasing times of PB over the four districts. In general,
environmental awareness of educated people is expected to be higher. Increased environmental awareness
through education is an expected result, but the survey results do not confirm this hypothesis.
Table 10. Pearson correlation test for the education level and PB purchase
Education
Erdemli
Mezitli
Yenişehir
Akdeniz

Education

1

PB Purchase

0.01

Education

1

PB Purchase

0.223**

Education

1

PB Purchase

0.057

Education

1

PB Purchase

0.214**

PB Purchase
1
1

1
1

*p < 0.05; **p < 0.01

3.5. Effects of the plastic bags law on the garbage bags
People used plastic bags (market bags) to carry baggage to their houses. After that, they usually used it as
garbage bags. After the adoption of the relevant law and decreasing the using/purchasing the market bags, it
was expected increasing in purchasing the garbage bags. The results obtained from Pearson correlation test
shows weak positive correlation between the garbage purchasing and the plastic bags Table 11.
Table 11. Pearson correlation test for the garbage bags purchasing and the PB purchase
GB Purchase
Erdemli
Mezitli
Yenişehir
Akdeniz

GB Purchase

1

PB Purchase

.045

GB Purchase

1

PB Purchase

.036

GB Purchase

1

PB Purchase

.022

GB Purchase

1

PB Purchase

0.141**

PB Purchase
1
1
1
1

*p < 0.05; **p < 0.01
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3.6. Effects of the plastic bags law on the shopping centres (Markets)
The field survey results at the most popular market in the four districts show a decreasing in PB consumption
with a ratio between (60-80%). Additionally, it does not appear to be any indication of increased purchase
garbage bags. These results support the statistical results above. Another note should be taken into
consideration when assessing the law, the increasing in the consumption of 15 micron bags which is expected
from the law.

3.7. Effects of the awareness on the plastic bags consumption
The level of awareness towards the hazards from the plastic bags was determined. The awareness level was
examined according to age and education level. Over the four districts, 84.3% of the questionnaires were
agreed that the plastic bags are harmful to the environment. The persons who have ages from 35-50 years
comprised the max percentage with 32.1%, whereas the lowest percentage was for the persons withages
above than 50 years. Figure 5 shows the contribution of age in the awareness of plastic bags hazards.It was
found that people aged 50 years and over who participated in the survey were less aware of the negative
impact of bag use on the environment than younger ones.

Age
15%

32%

26%

18-25
25-35
35-50

27%

>50

Figure 5. shows the age contribution in the plastic hazards awareness

The education level affects the awareness of plastic bags hazards. The results showed in figure 6 reflect that
the human with high education has awareness of the plastic bags hazards. This result consistent with those
obtained by Mogomotsi et al. (2019). The survey showed that the environmental awareness gained through
education has not reflected to correct behavior. It was found that most of the respondents did not change the
habit of using the bag while saying that the bag pollutes the environment.

4. CONCLUSION
The study is an attempt to evaluate the effects of the new approved Turkish plastic bags law (PBL) on the
environmental behavior and people habits in four districts of Mersin. The study was based mainly on the
results of the questionnaire prepared for this purpose, the questionnaire was consisting of 13 questions and
distributed to 1537 people. Gender, age, family size, income level, and education level correlated to the rate
of plastic bags purchase by Pearson correlation test. Gender and family size were founded to be affects the
plastic bags purchase. Whereas the remaining factors had very weak correlation coefficient. The garbage
plastic bags consumptions correlated weakly to plastic bags consumptions (r =0.141 with p<0.01). The
managed field surveys proved this result. The results from the surveys in the four districts showed a
decreasing in PB consumption with a ratio between (60-80%). Another note should be taken into
consideration when assessing the law, the increasing in the consumption of 15 micron bags which is expected
from the law. . At the end of the study, it was determined that there was no increase in the sale of garbage
bags offered for sale in the markets, whereas the use of bags lower than 15 microns given free of charge
increased by 100-110%. The survey showed that the environmental awareness gained through education has
not reflected to correct behavior. It was found that most of the respondents did not change the habit of using
the bag while saying that the bag pollutes the environment. As a result of this study, it found that the Laws
and prohibitions can reduce the use of plastic bags. However, it would be most effective if the laws were
conducted in parallel with the conducting of education program about the bad effects of the plastic bags.
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Use of Different Agricultural Wastes as Plant
Nutrient Material (Organic Fertilizer) in
Strawberry Cultivation
Hülya Sayğı1
Abstract
The use of inorganic fertilizers in agricultural production is an inevitable reality. The most important
problem of inorganic fertilizers is the high cost in terms of environment, economy and human health. The
aim of this study is to provide an effective, economical and low-cost alternative production input to
inorganic fertilizers in strawberry production. The study was carried out to determine the use of different
agricultural wastes as plant nutrient material (organic fertilizer) in strawberry cultivation applications on
yield, fruit quality, plant growth and plant nutrient content in strawberry production. In the experiment,
inorganic fertilizers and organic manure which are chicken manure and farmyard manure (cattle) were
used as fertilizer materials and sweet charlie strawberry variety was used as plant material. According to
the findings obtained in the study, organic manure gave better results than inorganic fertilizers in terms of
yield amount, fruit content characteristics (titratable acidity, total sugar, nitrate and nitrite collection)
parameters. In plant nutrient uptake parameters, organic fertilizers gave better results in macro nutrients
(chicken manure in nitrogen, phosphorus and potassium) and micronutrients (chicken manure in copper,
iron, manganese and zinc) compared to inorganic fertilizers. It was observed that farmyard manure gave
better results in plant growth parameters, plant width and root length. Our findings support that chicken
and farmyard manure can be used in strawberry production instead of inorganic fertilizers.
Keywords: Inorganic fertilization, chicken manure, farmyard manure, strawberry,

1.

INTRODUCTION

Strawberry, which is loved and consumed by everyone in four seasons and is suitable for family business, has
increased its popularity in different industries such as cake, jam, marmalade and chips. In addition, the high
amount of antioxidants in strawberry fruit has been an important element in daily nutrition diets [1]. Strawberry
is one of the most grown fruits in the world with a total production amount of 9,099,629 tons [2]. According to
FAO 2019 data, strawberry production in Turkey was 486,705 tons, while the total production area was 16,090
ha and the average yield was 32.25 tons/ha [2].
Productivity and fruit quality are two very important factors in strawberry cultivation. The main factor affecting
fruit quality and yield in strawberry is the genetic characteristics of the varieties, and another important factor
affecting the quality characteristics (taste, smell, fruit size), plant growth and development is the cultivation
conditions [3]. A balanced fertilization should be done to increase productivity and ensure fruit quality.
1Corresponding

author: Yumurtalık Vocational School, Çukurova University, 01682 Adana, Turkey hulutas@cu.edu.tr
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However, excessive and incorrect fertilization causes an increase in the salinity of the soil and adversely affects
the physical, inorganic and biological activity of the soil.
The use of inorganic fertilizers to increase yield and quality is a commonly seen practice. Nitrate poisoning in
animals and humans can be an important problem as a result of the inorganic fertilizers, especially nitrogenous
fertilizers which are widely used in the world and in Turkey, transferring into underground waters. Nitrate turns
into nitrite in the soil and causes diseases such as anemia and hypertension in children. Excessive presence of
nitrogenous substances creates a carcinogenic effect [4]. In addition, environmental pollution occurs with the
use of intensive inorganic s. It is known that inorganic fertilizers and pesticides, which are used extensively in
agriculture, pollute the groundwater. Zhang et al. [5] reports that pollutants of water threaten human health by
causing infectious and epidemic diseases, and especially detergent waters and inorganic fertilizers contaminate
both lakes and rivers, and groundwater, thus disrupt the ecological structure. As a result of the use of these
contaminated waters as a source of irrigation in the agricultural production process, the plant and soil structure
is deteriorated, so the pollution passes to the grown products and threatens human and animal health. In fact,
inorganic s used in agricultural production mostly damage agricultural areas and reduce the amount of organic
matter in the soil. However, the amount of organic matter is an important factor in maintaining and improving
soil fertility in intensive agricultural production.
All these developments, such as environmental problems, economic losses, damage to human health and the
need for safe food, caused by inorganic inputs used in conventional agriculture, accelerated the search for new
production methods in agricultural production and especially animal waste, compost, etc. materials are widely
used [6]. Han et al. [7] reported that the use of organic fertilizers in production is of great importance and Aryal
et al. [8] reported that today, with the increase of environmental awareness, interest in organic fertilizers is
increasing.
Organic fertilizers used in agricultural production are useful production inputs not only for agricultural
production, but also for solving environmental problems caused by agricultural production. They increase the
water and nutrient holding capacity of the soil and its cation exchange capacity. Organic fertilizers are also
important in terms of environmental protection, since the nitrogen loss caused by washing is less than inorganic
fertilizers [9]. Organic fertilizers, which can be defined as fertilizers obtained by the processing of plant, animal
and human consumption wastes which occur in agricultural production or other production and consumption
processes of the economy, that improve the structural properties of the soil, supplement the plants with nutrients
and facilitate the uptake of nutrients in the soil. In addition, it has been known for a long time that organic
fertilizers increase the amount of organic matter and positively affect the physical, inorganic and biological
properties of the soil [10]. In conventional agriculture, the amount of organic matter that decreases due to the
intensive use of the soil in annual periods and climatic factors, makes it difficult for the plant to absorb the plant
nutrients in the soil. Regarding chicken manure, which has an important place in organic fertilizers. Li et al.
[11] reported that the organic fertilizers applied after fumigation significantly increased the number of
beneficial microorganisms, improved the physico inorganic properties of the soil, increased soil enzyme
activities, increased strawberry fruit yield by preventing the growth of soil pathogens, so organic fertilizers
improved soil health by activating beneficial microorganisms in the soil and increased strawberry fruit yield.
In a study using solarization, it was found that chicken manure composted application significantly increased
the yield in lettuce cultivation [12]. Moreira et al. [13] examined the effects of different organic practices
(organic compost, chicken manure, cattle manure, sheep manure) on lettuce plant and found that chicken
manure gave the best results in terms of yield and development.
In this study, the effects of organic fertilizer applications, which can be an alternative to inorganic fertilizers,
on the yield, quality and plant nutrient content of strawberries were investigated.

2.

MATERIAL AND METHOD

In 2017-2019 the study was carried out in the Çukurova University Yumurtalık Vocational School Research
and Application Station in the district of Yumurtalık, which is at sea level, 80 km from the province of Adana.

2.1. Experiment Area Soil Characteristics
The physical and inorganic properties of the soil of the application area were determined.
According to the results of the analysis, the micro and macro nutrient contents of the soil
of the study area are presented in Table 1.
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Table 1. Experiment area of soil properties analysis results
Analysis
Type

Analysis

Analysis Method

Measurement
unit

Analysis Results

Texture

Clay, Loamy

pH

Physical
Analysis

Salinity

7.62 Slightly alkaline
ECx106:micromhos

Lime

Chemical
Analysis

0.34 Lightly salted
(%)

27.10 Too limy

Organic
Matter

Smith Weldon

(%)

N

Kjeldahl

(%)

P

Olsen-ICP

(mg kg-1)

K

A.Asetat-ICP

(mg kg-1)

150.00 Enough

Ca

A.Asetat-ICP

(mg kg-1)

3,198.00 Enough

Mg

A.Asetat-ICP

(mg kg-1)

563.00 High

Fe

DTPA

(mg kg-1)

1.31 Little

Cu

DTPA

(mg kg-1)

0.85 Enough

Mn

DTPA

(mg kg-1)

1.86 Little

1.94 Little
0.12 Little
12.30 Enough

Zn
DTPA
(mg kg-1)
49.00 Little
pH, expressing the acidity or alkalinity. N, nitrogen; P, Phosphorus; K, Potassium, Ca, Calcium; Mg, Magnesium; Mn,
Manganese; Fe, Iron; Cu Copper.

According to the analysis results, the physical properties of the soil of the application area; the pH of the soil
was determined to be 7.60 on average, soil texture characteristics was determined that it contained 59% sand,
10% clay and 31% loamy. In addition, total lime was determined as 29.30%. Organic matter content was
determined as 1.53%, electrical conductivity (EC) 142 dS m-1 (25 °C).

2.2. Plant Material
In the study, Sweet Charlie strawberry variety, whose seedlings were purchased from the market, was used as
plant material. The first reason for choosing the "Sweet Charlie" strawberry variety as a plant material is that it
is highly demanded among producers with its earliness, appearance and taste, and secondly, it is a variety
suitable for cultivation in areas close to the seaside. The fruit of this variety is medium hard and contains very
high vitamin C. The amount of soluble dry matter and titratable acidity (TA) concentration in water are low.
Fruit size of Sweet Charlie plant varies according to planting date. Average fruit weight is 17 g. Outer fruit
color is orange-red. Internal color is a color between white and orange [14].

2.3. Fertilizer Materials
Alternative plant feeding material, organic fertilizers obtained from animal wastes, farm manure (FM) and
chicken manure (CM) and inorganic fertilizers (IF) were used in the study. IF were purchased from
commercially available standard inorganic fertilizers. In the study, solid CM and FM produced and sold
commercially were used as organic fertilizers [12, 15]. The properties of FM and solid CM are shown in Table
2.
Table 2. Properties of farmyard manure and solid chicken manure used in the study

Analysis

Farmyard Manure

Chicken Manure

%40

%60

Total Nitrogen

%1.05

%2.3

Water Soluble Potassium Oxide (K2O)

%0.85

%4

Total Phosphorus Pentoxide (P2O5)

Total Organic Matter

%0.40

%1.95

Total Humic + Fulvic Acid

%30

%30

Organic Carbon

%15

%20

EC (dS m )

3.01

4.9

pH

7.5

7-8.5

-1

EC, electrical conductivity; Soil and water salinity measurement, unit of measurement is deciSiemens per meter (dS m-1).
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2.4. Experiment Plan
The experiments were set up according to the randomized plot design with 4 replications and 30 plants per plot,
and a total of 4 applications were included in the study. The practices in the research, the abbreviations
representing the applications and application doses are given in Table 3.
Table 3. Applications in research application abbreviations and doses.
Applications

Abbreviations

Application Doses

Control

C

-

Farmyard Manure

FM

300 kg da-1

Chicken Manure

CM

300 kg da-1

Inorganic Fertilization

IF

N:13, P:8, K:12 kg da-1

2.5. Cultural Processes
In the studies, the plants were planted with the summer planting method on 05.09.2016 at 25 × 25 cm intervals
on the bobbins covered with black polyethylene of 75 cm width and 20−25 cm height prepared for outdoor
cultivation. From the beginning of the experiment, the plants were cultivated, the necessary disease and pest
controls were made, and the experiment was carried out in a healthy way. Organic farming principles were used
to combat red spider and aphid, which are important pests of strawberries, and snails, a regional pest. During
the experiment period, irrigation was carried out with drip irrigation method every 2 days due to the soil
structure of the experiment area.

2.6. Analyzes Performed in the Scope of the Experiment
During the analysis process, fruit samples were kept in paper bags and leaf samples were kept in plastic bags
in order to prevent water loss of the materials to be used in the analysis, and were brought to the laboratory in
a short time. 20 fruit samples to be used in pomological analyzes were randomly selected from among the fruits
harvested from each plot, and 3 strawberry plants were removed randomly from each plot for leaf analysis to
be used to determine plant nutrients.
In the study, the effects of organic fertilizer applications, which can be an alternative to inorganic fertilizers,
on fruit quality components (pH, total yield per plant, TSS, fruit weight, TA, fruit firmness, vitamin C, tastearoma and total sugar) values were determined. Fruit firmness was measured by penetrometer, taste-aroma was
determined by the method used by Roussos et al. [17], pH was measured using a digital pH meter, vitamin C
value [17] was determined from the solution by diluting 1 g of fruit puree in 10 mL of distilled water using a
reflectometer (Rqflex 10, Merck KGaA, Darmstadt, Germany), total sugar value was measured using the
Fehling-Soxhlet method [18, 19], TSS in strawberry juice was measured with a handheld refractometer
(ATAGO ATC-1, Tokyo, Japan) and TA was measured using the acid-base titration method [20, 21, 22]. In
addition, the nitrite and nitrate contents of the fruit were determined reflectometrically using test kits with the
device " RQflex plus 10" (Merck, Germany) [23, 24].
The following methods and analyzes were carried out to find out the effects of applications on macro and micro
nutrient values. The leaves for analysis were taken from the mature leaves in the middle of the plant during the
flowering period [25]. Leaf samples were dried after necessary cleaning and washing processes. The leaf was
dried in an oven at 65°C to constant weight [26]. The dried leaf samples were then ground, weighed 0.2 g
(according to the dry burning method) and burned in glass crucibles at 550 °C in a muffle furnace for 8 hours.
Distilled water (18 ml) and 2 ml 1/3 HCL were added to the burned samples, and they were made ready for
analysis by filtering on blue band filter paper. Atomic absorption spectrophotometer (Perkin-Elmer) device was
used for zinc, iron, manganese and copper readings in samples ready for analysis [27]. Phosphorus analyzes
are; It was carried out by spectrophotometer according to the Barton method [28]. Nitrogen concentrations in
strawberry leaves were determined by wet burning according to the Khjeldal method [29].

2.7. Statistical Analysis
The analysis of variance of the data obtained from the experiment was evaluated in the SPSS 23 package
program at p<0.05 significance level.

3.

RESULTS AND DISCUSSION

In strawberry, fruit weight, fruit firmness and color are important physical quality parameters in marketing and
consumer preference stages, while taste-aroma, pH, TSS, TA, vitamin C and total sugar are inorganic
parameters.
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The effects of the treatments on yield per plant, fruit weight, fruit firmness, taste and aroma are presented in
Table 4. Except for taste and aroma parameter, statistically significant differences were found in other
parameters.
Table 4. Effects of applications on fruit yield and quality characteristics
Yield per Plant
(g plant -1)

Fruit Weight
(g)

Fruit Firmness
(kg)

Taste-Aroma
(Point)

267.25c

14.22b

0.53b

3.51

393.60

a

ab

0.60ab

3.74

CM

405.74

a

a

a

3.82

IF

302.92bc

0.61ab

3.86

Applications
C
FM

15.13

17.29

0.68

15.05ab

The first parameter in Table 4, yield per plant, is one of the most important indicators in determining the amount
of production and thus the economic value of agricultural production performance. In a study examining the
effects of different climatic and soil conditions on yield and product quality in different strawberry cultivars,
they reported that the yield per plant was 64.41-307.80 g and 64.41 g in Sweet Charlie cultivar [30]. Negi et al.
[31] investigated the effects of different organic fertilizers and bio-fertilizers on strawberry plant growth, yield
and fruit quality in strawberry cultivation and reported that the yield value per plant was in the range of 85.40185.08 g plant-1. In a study conducted to determine the effects of different organic wastes on yield and quality
in organic strawberry cultivation, the yield per plant was determined to be between 378.6 g plant -1 in Sweet
Charlie and 478.8 g plant -1 in Camarosa [32]. In another study on different strawberry cultivars and genotypes,
they reported that the yield per plant in strawberry was in the range of 97.67-347.47 g plant-1 [18]. In the results
obtained from our study, the highest yield per plant obtained from the CM application was 405.74 g plant -1.
This value is compatible with our research purpose, but not with the values in other studies. The differences
may be due to cultivar, cultivation and climatic conditions.
The second parameter in Table 4, fruit weight, is one of the important indicators that should be emphasized
when examining the quality characteristics of strawberry fruits. There is an intense genetic variation in fruit
quality criteria in strawberries and accordingly, fruit weight is moderately hereditary. The fruit weight in
strawberry, genetic structure of the plant, environmental factors and cultural processes (irrigation, fertilization,
mulching, etc.) are effective. Agüero et al. [33] reported that fruit weight was affected by temperature and fruit
load. Temocico et al. [18] reported that the fruit weight in the range of 16.33-26.67 g. Average fruit weight in
Sweet Charlie variety determined respectively as 13.29-14.04 g [34], 7.39 g, and 17 g [14]. According to our
study findings, the fruit weight was in the range of 15.13-17.29 g, which is close to the characteristics of the
Sweet Charlie variety [14].
The third parameter in Table 4, fruit firmness, is one of the important quality indicators of strawberry fruit, with
its decisive effect on shelf life and storage time, especially in terms of marketable fruit. Fruit firmness is affected
by many factors such as ecological factors, fertilization, genotype, growing conditions, fruit size and storage
conditions. Gündüz and Özbay [35] reported that the fruit firmness in the range of 0.75-0.87 kg (cm2)-1in their
research in which they examined the effects of different strawberry genotype and growing place altitude on
strawberry cultivation. Özdemir et al. [36] determined that the fruit firmness of the Sweet Charlie strawberry
variety as 0.4 kg (cm2)-1 in their study. Todeschini et al. [37] reported that the fruit firmness of 0.47 kg (cm2)-1
in Camorosa strawberry variety. In our findings, fruit firmness was determined as 0.53-0.68 kg (cm2)-1.
The effects of the treatments on pH, TSS, TA, vitamin C, total sugar, nitrate and nitrite accumulation are
presented in Table 5. Statistically significant differences were found in the parameters (TSS, vitamin C, total
sugar and nitrate and nitrite accumulation) compared to inorganic fertilizers and control application (Table 5).
Table 5. Effects of applications on pomological properties of fruits
Applications

pH
(%)

TSS
(%)

TA
(%)

Vitamin C
(mg 100 g-1)

Total
Sugar
(%)

Nitrate
accumulation
(mg kg-1)

Nitrite
accumulation
(mg kg-1)

C

3.08b

7.15c

0.65ab

31.31c

6.29c

1.88c

0.16c

ab

ab

a

ab

ab

b

0.18c

FM

3.82

CM

3.87a

IF

3.75

ab

8.37

8.78a
7.91

abc

1.03

37.45

8.15

3.20

0.68ab

38.50a

8.56a

3.14b

0.20c

b

ab

b

a

1.04b

0.43

36.48

7.45

4.25

Expressing the acidity or alkalinity (pH), Total Soluble Solids (TSS), Titratable Acidity (TA).

The parameters in Table 5, pH, TSS and TA are other characteristics that should be emphasized in the
examination of the quality characteristics of the fruits in strawberries. It has been reported that the pH value of
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strawberries varies between 3.5-4.6 [38], 3.47 [39], 3.34- 3.54 [37], 3.36-3.39 [40]. Bayram [41] reported that
the pH value of 3.65-3.76 in Festival variety and 3.61-3.73 in Camarosa variety in his study in which he
examined the effects of two different strawberry cultivars grown in Aydın/Sultanhisar ecological conditions on
yield and some fruit quality characteristics. Nunes et al. [19] reported that the pH value in the range of 3.403.72 in their study on different strawberry cultivars and 3.52 in Sweet Charlie variety. According to our study
findings, the pH value was in the range of 3.75-3.87, these values are compatible with the characteristic features
of strawberry fruit [38].
The taste formation in strawberry fruit is not only due to the sugar content. The amount of acid in TSS pool
also contributes positively to the taste and aroma. The high correlation between TSS and total sugar in fruits
has enabled it to be seen that TSS is an important indicator in determining the taste. Galetta et al. [42]
determined that depending on the variety, the TSS values ranged between 7-12%. In different studies on the
TSS value in strawberry fruit, Pakyürek et al. [43] reported 7.05-7.46%; Bayram [41] reported 9.63-10.36% in
Festival variety and 9.85-11.55% in Camarosa variety. Gecer et al. [34] reported that it is 8.17%. Gündüz and
Özbay [35] reported the TSS value in different strawberry cultivars in the range of 6.04-7.40%. According to
our study findings, TSS value was obtained in the range of 7.51-8.78%. This value and values in other studies
are consistent with the range of values considered as reference [42]. Cao et al. [44] the content of total soluble
solids and the titratable acidity are directly influenced by genetic factors and environmental conditions.
The parameter affecting the TA quality in fruits is the amount of acid determined in the fruit juice. Negi et al.
[31] reported that the TA value in the range of 0.47-1.38%; Gündüz and Özbay [35] reported that the average
TA value in the range of 0.54-0.70%, Akbaş et al. [21] reported the average TA value in the range of 0.580.80% in their study on different strawberry cultivars and genotypes, Roussos et al. [17] reported the TA value
in the range of 0.85-0.86% in their research on the Camarosa strawberry cultivar. According to our study
findings, the TA value was in the range of 043-1.03%. A higher value than the specified was obtained from the
FM application used in the experiment. If the inorganic fertilizer application TA value is not taken into account,
this value would be in the range of 043-0.68%. As a result, it can be said that inorganic fertilizer applications
increase the acidity value in strawberry cultivation. Ertan, et al. [45] reported that the acid content of ripe fruit
is largely influenced by genetic factors whereas Sistrunk and Morris [46] reported that the acid content of ripe
strawberry fruit can also be affected by environmental conditions such as nutrition or light.
Sweetness is largely defined by the relative amounts of sugars and organic acids, expressing one of the most
desirable traits in commercially grown strawberry varieties, especially in the fresh marketing of strawberry
fruits [47, 48]. Nunes et al. [19], in their study on different strawberry cultivars, reported that the total sugar
value was between 6.60-10.07%, and 7.23% in Sweet Charlie cultivar. Temocico et al. [18], reported that the
total sugar value was in the range of 3.07-8.62% in studies conducted on different strawberry varieties and
genotypes. Roussos et al. [17], reported that the total sugar value is in the range of 4.60-5.43% in Camarosa
variety. According to our study findings, the total sugar value was in the range of 7.45-8.56%. Wang and Lin
[49] stated in their compost study with Honeoye and Allstar strawberry varieties that the use of compost
significantly increased the total sugar content. It is in line with our findings.
Vitamin C (ascorbic acid) is an essential ingredient in strawberries. Sapei and Hwa [50] stated that the vitamin
C content in strawberries is approximately 40-70 mg 100mL-1. Antunes et al. [51] reported the vitamin C value
of 49.76-77.23 mg 100mL-1 in the first period and 86.14-145.15 mg 100mL-1 in the second period in their study
in which they examined the post-harvest fruit quality of different strawberry varieties for two periods. Janurianti
et al. [52] reported the vitamin C value of 34.95-66.24 mg 100mL-1 in the first period in their study examining
the effects of different ripening periods of strawberry fruits on fruit quality. Nunes et al. [19], in their study on
different strawberry varieties, reported that the vitamin C value was between 19.91-37.64 mg 100mL-1 and
35.77 mg 100mL-1 in Sweet Charlie variety. According to our study findings, the vitamin C value was in the
range of 31.31-38.50. These values are consistent with the strawberry value of Nunes et al. [19] and lower than
Antunes et al. [51] and Sapei and Hwa [50]. The reason for these differences may be the cultivation and climatic
conditions and the degree of ripening of the fruits [52].
In general, when we evaluate the effects of CM and FM applications on fruit quality, it provides evidence that
they have positive effects on fruit quality. The most effective and determining nutrient on fruit quality is
potassium [53, 54]. CM and FM is rich in potassium, and regulates soil pH with its rich organic matter content
[55] and makes this nutrient available to plants. In applications, the best performance in fruit quality, fruit
firmness, pH, TSS, vitamin C and total sugar was obtained from the application of rich potassium-containing
chicken manure.
Another important issue to be considered in fruit and vegetable cultivation is that the nitrate and nitric contents
of the parts we eat are within limits that will not harm human health. According to Rostkowski et al. [56], it is
important that nitrates and nitrites are found naturally in vegetables, fruits, feed plants, fresh water, excess
nitrates and nitrites in foods can directly threaten human and animal health. They reported that it is also
important because they can turn into nitroso compounds. The World Health Organization (WHO) and the
European Food Safety Authority (EFSA) has determined a reference value for the amount of nitrate and nitrite
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that people should take daily in food, based on human body weight [57]. Accordingly, an acceptable daily
intake of nitrates was determined as 0–3.7 milligrams (mg) nitrate ions/kilogram (kg) body weight (BW), and
an acceptable daily intake (ADI) for nitrite was 0–0.07 mg/kg BW [57]. According to our study findings, nitrate
accumulation value was in the range of 3.14-4.25 mg L-1 and nitrite accumulation value was in the range of
0.18-1.23 mg L-1 in strawberry fruit. According to our findings, nitrate and nitrite ratios are higher in fruits
grown with IF compared to organic fertilizers. Indeed, Abu-Zahra et al. [58], in their study with honor
strawberry variety under greenhouse conditions in Jordan, reported that nitrate content was higher in
traditionally produced fruits. In addition, Darvishmotevalli et al. [4] reported that conventional agriculture
causes an increase in harmful nitrogen compounds, and with the increase of nitrogenous fertilizers in the soil,
carcinogenic substances are formed in plants and thus nitrite and nitrate accumulate in vegetables of which
leaves are eaten. Our application findings provide important evidence that the slow release feature of CM and
FM, which are rich in organic matter content, positively affects the nitrogen cycle and reduces nitrate and nitrite
accumulation in the fruit.
The effects of different organic fertilizer applications on the macro plant nutrient contents determined in the
leaves of the plants are given in Table 6. It was determined that there were statistically significant differences
at p <0.05 level in terms of nitrogen, phosphorus, potassium and calcium macronutrient contents compared to
control application.
Table 6. Effects of applications on macro plant nutrient contents of strawberry leaves (%).
Applications

N

P

K

Ca

2.50-3.00

0.15-0.30

1.00-2.00

1.00-2.00

C

1.72c

0.15c

1.09c

0.70b

FM

2.84ab

0.25b

1.90a

1.19ab

CM

2.95a

0.29a

1.98a

1.52a

b

b

b

1.23ab

Reference values*

IF

2.61

0.20

1.58

* [59, 60, 61]

In the Table 6, reference values for macronutrients in leaves obtained in previous studies in strawberry
cultivation [59, 60, 61] (Bottoms, 2013; Pritts, 2015; NCDA&CS. 2017). When our findings were compared
with the reference values, it were observed that The highest nitrogen value was obtained from the CM
application. The fact that approximately 90% of the organic nitrogen amount in CM is mineralized in the first
year reveals the importance of CM applications in nitrogen nutrition of plants [62]. Adekiya and Agbede [63]
reported that CM applications cause an increase in potassium, calcium and magnesium contents in tomato
leaves. Sönmez et al. [64] reported that CM applications significantly increase the plant's nitrogen, phosphorus
and potassium content. Our findings are similar to their findings. Negi et al. [31] reported the level of the total
nitrogen in the leaf as (0.81-2.67%), the total phosphorus (0.25-0.40%) and total potassium (0.86-1.96%) were
between the limit values. Our findings were among these limit values. Our findings are approximate to their
findings.
The effects of different organic fertilizer applications on the micronutrient contents of the plant were determined
from the leaves of the plants (Table 7). According to the results of the study, CM applications in micronutrients
were found to be statistically significant compared to IF and control applications. (Tablo 7).
Table 7. Effects of applications on micro plant nutrient contents of strawberry leaves (mg kg-1).
Cu

Fe

Mn

Zn

Reference values*

Applications

6.-20

60-200

50-650

20-50

C

7.75c

135.75bc

252.13c

19.50c

ab

a

26.50b

ab

FM

13.25

171.25

365.15

CM

14.75a

182.75a

358.23a

33.50a

IF

11.75b

126.25c

315.25b

25.25b

* [59, 60, 61]

Compared to IF applications and control, more effective results were obtained from CM application in the
intake of micronutrients (Table 7). In general, it is seen that the applications are compatible with the reference
value ranges recommended for strawberry cultivation in previous studies [59, 60, 61]. Iron deficiency, which
is an important problem especially in strawberry cultivation, is caused by difficulties in the intake of iron
nutrient [65]. It gave better results in the iron uptake of the plant in organic fertilizer applications compared to
IF applications. Özkutlu et al. [66] related to micronutrients where in their study examining the effects of
different amounts of boron applications on yield, fruit development and nutrient uptake in strawberries reported
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that the copper value in the range of 2.57-5.72, the iron value in the range of 151.2-170.8, the manganese value
in the range of 150.3-160.9, and the zinc value in the range of 28.1-31.6 in sweet charlie strawberry variety.
Develi et al. [67] reported that the iron value in the range of 174.03-191.08, the manganese value in the range
of 74.02-79.70, and the zinc value in the range of 18.48-24.89 in sweet charlie strawberry variety. in their study
in which they examined the effects of vermicompost applications at different rates on yield and fruit quality in
strawberries. When the findings obtained from these studies and the findings of our study are compared, the
iron and zinc values are compatible and between the reference values. Although manganese is low, copper
among the reference values is also lower than the reference values.
The effects of different fertilizer applications on plant growth according to the criteria of plant width, plant
height, root length and stem number were determined (Table 7). In the study, it was determined that the
applications positively affected the growth and development of the Sweet Charlie strawberry variety.
Table 8. Effects of applications on plant growth
Plant Width
(cm)
11.50b

Plant Height
(cm)
26.33c

Stem Length
(cm)
14.50bc

Number of Stems
(number)
4.50b

FM

19.25a

33.01ab

18.75a

5.50ab

CM

15.35ab

31.72abc

16.00b

6.25ab

b

bc

c

5.50ab

Applications
C

IF

13.05

28.08

13.00

Pedraza et al. [68], in a study they conducted with Milsei, Selva and Camarosa strawberry varieties in
Argentina, reported that the root lengths varied between 13.6-19.4 cm. Reddy et al. [69] reported that the
average highest plant height of 17.64 cm in 2017-18 and 18.48 cm in 2018-19, the average highest plant height
28.32 cm 2017-18 and 29.85 cm 2018-19 in which their research examining the effects of nitrogen and
biofertilizer composition on growth, yield and quality in strawberry cultivation in greenhouses. Rashid [70]
reported that the plant height value in the range of 17.89-22.75 cm plant-1 in all applications, and 17.89 cm
plant-1 in CM and FM applications in their research, in which they examined the growth, yield and quality
effects of different organic fertilizers on different strawberry cultivars. Our findings are in line with these data.
Madhavi et al. [71] stated that the plant height of Fragaria x ananassa variety was 16.93-19.34 cm in their
study with planting with fresh seedlings in the greenhouse under controlled environmental conditions. The
reason for this may be that the variety characteristics and the production in the fully controlled greenhouse
could not adequately respond to the plant climate demands.

4.

CONCLUSION

The aim of this study is to determine alternative plant nutrition input that can be similar or better than IF, which
has high agricultural production and environmental costs. For this purpose, animal wastes generated during
agricultural production processes in strawberry cultivation were used as plant nutrition input (organic fertilizer).
According to the study findings, it was observed that organic fertilizers used as plant nutrition input were similar
to IF and showed better performance than some parameters (CM applications in fruit yield, nitrate-nitrite
accumulation, uptake of macronutrients, NPK and micronutrients). In the study, positive findings were obtained
in terms of reducing production costs in strawberry cultivation, removing waste from being a problem and
reintroducing it to the economy. As a result, the use of organic fertilizers as an alternative plant nutrition input
to inorganic fertilizers is important for a sustainable agricultural activity.
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Waste Management Cost Reduction in
Istanbul: Municipal Waste Transportation on
Railway
Firdevs Emine Sezer1, Kadriye Elif Maçin2, Aslıhan Benlioğlu3, Osman Atilla
Arıkan4, İbrahim Demir5
Abstract
The relocation of landfill site from Odayeri to Seymen (average distance approximately 30 km to 110 km)
in Istanbul has led to an increase in the distance of transport of waste. The aim of this study was to find an
alternative waste transportation to reduce waste management cost by using Halkalı-Edirne railway for the
European side of Istanbul. The costs of transporting waste by road and railway were compared using
primary and secondary resources. Waste transportation on road cost was found approximately 25.2 million
$/year. Minimum cost scenario (Scenario 3) with a transportation by rotopress body on flatcar with the
electric locomotive would reduce the cost by 52 %. Consequently, the transport of waste to the Seymen
landfill by rail would be considered more cost-effective than road transport. The data used in this study
was provided prior to Covid-19 so that the same study should be repeated with updated data.
Keywords: waste management, transportation, rail, fuel consumption, cost.

1. INTRODUCTION
Solid waste management (WM) practices such as reduction of solid wastes at source, recovery, reuse,
composting, incineration and landfill are minimized the harmful effects of solid wastes on human and
environment. It is significant to note that reducing greenhouse gases, improving public health and safety and
environmental benefits derive from good WM practices [1]. Energy and material recovery are provided in
integrated WM systems. The collecting and transporting has a large portion in the total WM cost and it can
reach up to 80% of the total WM costs [2].
The WM sector accounted for 3.1% of total greenhouse gas emissions in Türkiye [3]. The capacity of the
transportation vehicle used is one of the elements impacting the greenhouse gas emissions produced by waste
transportation. Greenhouse gas emissions per ton and per kilometer reduce as capacity increases. Trains and
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ships emit lower emissions in this regard. The transportation of high-capacity waste across vast distances at
once minimizes the cost of waste transportation by rail. A train can haul more than 1,000 tons of waste at once.
Because of its low cost, rail transportation is favored when populations increase and solid wastes must be
transported much further. Transportation of large-capacity waste over long distances could be minimized via
rail transportation [4]. When the external costs of the three waste transportation types are evaluated, the road
has the highest cost, while the waterway has the lowest. In terms of energy efficiency, rail and inland waterway
are more efficient than road. Rail and inland waterway transit utilize less energy than road traffic [5].
On the European side of Istanbul, waste is transferred to rotopresses with a capacity of 22 tons at transfer
stations with horizontally placed pressure systems. Rotopresses are transported by road to Seymen Landfill.
The relocation of landfill site from Odayeri (average distance approximately 30 km) to Seymen (average
distance approximately 110 km) in 2018 led to an increase in the distance of transport of waste. The fact that
Seymen Landfill is far away from the transfer stations (and the city center) caused an increase in fuel
consumption and cost. Railway transportation was thought to reduce the cost of transporting waste.
The aim of this study was to find an alternative waste transportation to reduce WM cost by using railway for
the European side of Istanbul. Waste transportation has significant effect on WM cost however there is no study
have been found about cost reduction in Istanbul. This study investigated alternatives to the transfer of waste
on the Halkalı-Edirne railway line. Thus, the study investigates the transfer of Istanbul European Side urban
wastes by rail what more economical and greener mode of transportation by answering following questions; (i)
How do the current waste transportation costs change with railway transportation? and (ii) How much will the
cost be reduced with alternative fuel consumption namely; diesel and electric are applied?

2. METHOD
The costs of transporting waste by road and railway were compared by using primary (expert interviews/data)
and secondary (literature) resources. Capital and operating expenses were included in the calculations. Transfer
station cost, railway extension construction cost, and vehicle costs were included in capital expenditures
(CAPEX) while fuel cost, staff cost, and maintenance cost were examined in operational expenditures (OPEX).
The annual cost was calculated by using a simple depreciation method in all cost calculations in the study. In
the simple depreciation method, the purchase amount is divided by the life time and the depreciation amount
was found. The comparison of the transportation of wastes by road and rail is made according to fuel
consumption, fuel cost and annual cost.
The railway line planned for waste transport is the Sirkeci-Edirne railway line. A railway transfer station (RTS),
will be built near Halkalı station. The closest train station to the Seymen landfill is Sinekli Train Station. The
railway line of approximately 2.5-3 km with a switch leaving the main line at the Sinekli Train Station will be
constructed to extend to the Seymen Landfill. The wastes in the Silivri transfer station will be transported
directly to Seymen Landfill by road owing to being close to the landfill. Wastes from Baruthane, Halkalı and
Yenibosna transfer stations would be transported to the Halkalı rail transfer station (HRTS) and then transferred
by rail from HRTS to Silivri rail transfer station (SRTS). Wastes from SRTS would be transported to Seymen
Landfill. The six scenarios were designed. Route of the scenarios are shown in the Figure 1.

Figure 1. Route of the scenarios [7].
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Six scenarios were designed according to the type of vehicle. Scenarios differ for wagon type as flatcars, hopper
cars, H type cars (TSR 's existing wagons) and special design wagon. The number of vehicles required (tractors,
trailers, wagons, locomotives and trucks) was identified in the scenarios. While existing wagons (flat, hopper
and H type) and locomotives of Turkish State Railways (TSR) [6] would be used in some scenarios, others
would use specially designed wagons for WM. The tare weight of existing wagons is very high. It is considered
that the amount of waste to be transported in a train will be higher if a special wagon is designed for the waste
transfer. The specially designed wagon has a top cover and will be filled from the top and emptied by tipping
it to the side. By tilting the bottom floor of the wagon, water from the waste will accumulate in the side leachate
tank. The water in the leachate reservoir will be emptied before the waste is unloaded. The specially designed
wagon will be unloaded by being tilted to the side and opening the cover.
Sggmrs type flatcars among TSR's existing flatcars were considered in the Scenario 1. Different rotopress carry
options were investigated to increase waste capacity by decreasing vehicle weight. In the Scenario 1
rotopresses with tractors are loaded onto the flatcar in the HRTS. Only one rotopress can be transported on
flatcars. The rotopress will use the highway directly by getting off the wagon in the Seymen Landfill. In the
Scenario 2, rotopresses trailers without tractors are loaded onto the flatcar in the HRTS. Sggmrs type flatcars
can carry two rotopress trailers. Rotopress trailers will be transported with haulers in the Seymen Landfill. In
the Scenario 3, only roto press body are loaded onto the flatcar in the HRTS. Sggmrs type flatcars can carry
two rotopress bodies. Rotopress body will be transported with haulers in the Seymen Landfill. In the Scenario
4, Scenario 5, and Scenario 6, wastes are loaded to hopper car, H type car and special design wagon
respectively. Wastes are transported by dumper trucks in the Seymen landfill. Vehicle types used in the
scenarios are shown in Figure 2.

Scenario 1
Rotopress on flatcar
Transfer
stations

Halkalı
RTS

Sinekli rail
station

Seymen
landfill

Sinekli rail
station

Seymen
landfill

Sinekli rail
station

Seymen
landfill

Sinekli rail
station

Seymen
landfill

Sinekli rail
station

Seymen
landfill

Sinekli rail
station

Seymen
landfill

Scenario 2
Rotopress trailers on flatcar
Transfer
stations

Halkalı
RTS

Scenario 3
Rotopress bodies on flatcar
Transfer
stations

Halkalı
RTS

Scenario 4
Hopper car
Transfer
stations

Halkalı
RTS

Scenario 5
H type car
Transfer
stations

Halkalı
RTS

Scenario 6
Special design wagon
Transfer
stations

Halkalı
RTS

Figure 2. Vehicle types used in the scenarios
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Calculations were made according to waste produced in European side in 2019 (8,034 ton/day) and 13 % of the
total waste was added for safety [8]. The maximum length of the train can be 700 m [9]. Dumper trucks have
50 m3 volume capacity. Each scenario has been evaluated for both diesel and electrical locomotive. 800-ton
waste could be transported in one trip with a diesel locomotive while 1,300-ton waste could be transported with
electric locomotive [10] in the rail route. It was assumed that electric energy for train was supplied from grid,
generated by incineration of diesel oil. The 31.4% of electricity generation came from coal, while 32.7 % of
electricity generation came from natural gas in 2021, in Türkiye. Among renewable sources, the highest share
of electricity generation came from hydraulic energy with 16.8% and 9,4 % of electricity generation came from
wind turbines, whereas solar power as 3,2% and 2% came from geothermal energy [11]. Fuel consumption was
assumed to be 9.5 L/km for a diesel locomotive and 38 kWh/km for an electric locomotive [10]. The fuel
consumption comparison was made in terms of diesel consumption. The diesel fuel price is assumed as 1.1
USD/L [12].

3. RESULTS AND DISCUSSION
Table 1 shows fuel consumption and fuel cost of waste transportation on road in 2019. Annual fuel consumption
at the waste transportation on road was found as 10,678 m3/year.
Table 1. Fuel consumption and fuel cost of waste transportation in the current situation
Distance
(km)

Transfer Station
Baruthane
Halkalı
Yenibosna

112
88
99

Fuel
Consumption
(L/trip)
89,60
79,20
95,04

Fuel
Consumption
(L/ton-km)
0,018
0,020
0,022

Fuel
Consumption
(m3/year)
2,921
3,813
3,945

Fuel Cost
($/year)
3,213
4,195
4,340

Fuel costs and consumptions of waste transportation in the scenarios is given in Table 2. Minimum annual fuel
consumption was found 3,937 m3/year that Scenario 3, that waste is transported by rotopress body is loaded
on flat car at 1,300-ton capacity with electric locomotive. When the comparison of the transportation of wastes
was made according to fuel consumption; in this rail alternative, approximately 2.7 times less fuel is consumed
than waste transfer by road. The highest annual fuel cost was found 20,263,614 $/year that the use of rotopress
on flatcar with diesel locomotive in Scenario 1. The lowest annual fuel cost was found 4,330,173 $/year that
the use of rotopress body on flatcar with electric locomotive in Scenario 3. In the current waste transportation
system, the annual fuel cost is found 11,746,296 $/year. The annual fuel cost of waste transportation by rail
was found to be significantly lower than that of road transport.
Table 2. Fuel costs ($/year) and consumptions (m3/y) in the scenarios
Fuel costs
($/year)
Diesel
locomotive

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

Scenario 6

20,263,614
(18,422 m3/y)

14,221,842
(12,929 m3/y)

9,827,826
(8,934 m3/y)

10,926,330
(9,933 m3/y)

10,926,330
(9,933 m3/y)

10,377,078
(9,434 m3/y)

Electric
locomotive

6,794,107
(6,177 m3/y)

5,562,140
(5,056 m3/y)

4,330,173
(3,937 m3/y)

4,535,501
(4,123 m3/y)

4,740,829
(4,310 m3/y)

4,535,501
(4,123 m3/y)

In scenarios, the highest annual cost was found 38,981,461 $/year that use of rotopress on flatcar with diesel
locomotive in Scenario 1. The lowest annual cost was found 12,101,451 $/year that the use of rotopress body
on flatcar with electric locomotive in Scenario 3. Comparison of annual costs of waste transfer by road and by
rail with diesel and electric locomotive is given in the Figure 3. Current total cost of waste transportation on
road is considered as Scenario 0 in the Figure 3.
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CAPEX and OPEX of the scenarios Annual Cost (106 $/year)
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Figure 3. CAPEX and OPEX of the railway waste transportation scenarios

According to results (Fig. 3), the CAPEX of the scenarios was very similar. The major cost difference between
the scenarios was the operational cost, which was primarily due to the cost of fuel. Results showed that the
electric locomotive was more economical than the diesel locomotive because of the lower fuel consumption
and high load capacity than the diesel locomotive.
Except for Scenario 1 and Scenario 2 using diesel locomotives all other scenarios were found to be have lower
cost than the current waste transportation by road. High cost of Scenario 1 and Scenario 2 was coming from
low load capacity of diesel locomotives and high fuel consumption. Total annual costs of the scenarios ranged
from approximately 38.1 million $/year (Scenario 1) to approximately 12.1 million $/year (Scenario 3). Waste
transportation cost was 25.2 million $/year in 2019 and minimum cost scenario (Scenario 3) which was
transportation by loading only rotopress body on flatcar with the electric locomotive could reduce the cost by
52 %. The highest unit cost of waste transfer by rail is 12.6 $/ton that the use of rotopress with diesel locomotive
in Scenario 1. The lowest unit cost is found 4.0 $/ton that the use of rotopress body with electric locomotive in
Scenario 3. The waste transfer cost in the existing system was determined to be 9.3 $/ton. Overall, it was
observed that waste transport by rail had the advantage of reducing the unit cost per ton by half.
The results indicate that waste transportation on railway to Seymen Landfill is a necessity in terms of economic
impacts. This study suggests that waste transportation on railway could reduce costs and fuel consumption and
avoid unfavorable environmental effects in the face of climate change. Fuel reduction with rail transportation
is consistent with what has been found in previously reported by Thull [13]. Thull analysed the operations of
solid waste transport from Christchurch to the Kate Valley landfill by comparing two scenarios - road and rail
transport in New Zealand. Transporting solid waste by road and a combination of rail-road operations were
compared in terms of energy used. The results of the study showed that rail transportation would save 60 % of
fuel compared to road transportation [13].
In this study, scenarios were examined for Turkish State Railways's existing wagons, flat cars, and special
design wagon. Modifications in existing wagons are required because of loading and reloading of waste and
trailer. However, leachate leakage should be prevented. The length of the existing platform wagons can be
adapted to transfer the Rotopress trailers. Thus, the weight of transferred waste can be increased by reducing
the weight of wagon. A solid waste transfer station should be built where near the Halkalı train station that
waste can be loaded and unloaded from road vehicles to wagons. Seymen Landfill should be attached Sinekli
train station with a railway line of approximately 3 km length. At the Seymen Landfill, waste unloading station
should be made for reloading of waste. Vehicles or wastes from wagons must be descended or reloaded directly
to the landfill facility at the unloading station. Wastes can be moved in the landfill by conveyor, directly or
indirectly loading to vehicles. In this study, only the European side of Istanbul has been considered however
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scale could be change in future studies. Even though this study has limitations, the scenarios have been studied
as thoroughly as possible. Future research should also evaluate the environmental effects of waste transportation
on railway.

4. CONCLUSION
Cost comparison was made for the current road transport and potential railway for the transportation of wastes
for the European side of Istanbul. It has been determined that the cost can be reduced up to 52% when the
railway is used. With the proposed rail use, fuel consumption, cost and road traffic load will be reduced. Waste
transportation on rail to the Seymen Landfill was determined to be more economical than road transport. The
data used in this study was provided in 2019 prior to Covid-19. Because many parameters changed so that the
same study should be repeated with updated data. If waste disposal at the Seymen Landfill continues in the
future, the environmental and social effects of rail transportation should be evaluated by decision-makers. In
addition, road transportation causes more unfavorable environmental effects. Waste transportation on railway
is especially recommended for long distants.
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Effects of Route Planning and Optimization
with Intelligent Routing Software on Fuel
Consumption and Environment
Zeynep Öztürk Duru1, Nur H. Orak 2
Abstract
Municipal Solid Waste Management is one of the main environmental management challenges in
developing countries. One of the concerns of the municipal administrators is how to effectively distribute
the collection vehicles and teams in the area and reduce the cost. Thus, it is necessary to investigate the
changes in cost values including fuel, labor and environmental by optimizing road networks in the context
of solid waste collection using software. A number of algorithms have been used to investigate the routing
optimization problem in waste collection. In this study, solid waste collection route optimization was
investigated with RouteSmart software in Büyükçekmece district. The intelligent route planning database
was used to create and implement route plans based on nearly 300 criteria from the garbage collection
inventory, including containers, facilities, trucks, personnel details, and road network details. In the solid
waste collection process, by optimizing the existing routes using RouteSmart software, it was observed
that the route distance for 4 vehicles decreased by 14%, the total cost by 21% and the carbon monoxide
value by 22%. Preliminary findings show that the budget for municipal cleaning has decreased, and
emissions have been significantly reduced due to fewer vehicles and fuel savings.
Keywords: waste, route planning and optimization, collection efficiency, cost saving, emission reduction,
sustainable development goals

1. INTRODUCTION
The collection of urban, industrial and commercial waste constitutes an important step in the waste
management cycle. It is observed that the amount of waste increases with the expansion of urban areas due to
the increase in population, and it brings the problem of urban waste collection [1,2,3]. In recent years, solid
waste collection and transportation account for two-thirds of sustainable municipal solid waste management
costs worldwide [4,5,6,7]. Route planning and optimization tools provide several advantages including
efficient use of personnel, fuel, and timely management of municipal solid waste (MSW) by optimizing
transportation distance and time [6,8,9,10].
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In several studies ArcGIS program has been used for waste collection route optimization [11]- [15]. Roads
designed for small businesses Bin to bin" (BTB) related to waste reduction, collection of paper and cardboard
waste (PCB) [11], optimum shortest route for trucks to collect large waste, in determining efficiency for
minimum cost [12], solid waste collection by optimizing the route, the exhaust gas emission in the travel time
and the associated operating cost are significantly reduced [13], fuel saving for solid waste collection and
distance minimization by calculating the vehicle route [14], improvement for waste collection in the
municipal work area, and waste collection in finding the most suitable model studies have been carried out
such as reducing the distance and travel time [15].
Waste Collection is an issue that may be directly or indirectly related to 10 of the 17 sustainable development
goals of the United Nations [16, 17]. One of the most important issues on MSW collection is developing a
multicriteria decision process considering the number of personnel, time, amount of fuel, and environmental
impacts. According to the EU legislation, waste management practices are included as a prerequisite in
national, regional and local waste legislation in the EU countries [18], and there is information on making the
management of the collection of separated wastes efficient at the source. It is aimed to develop a MSW
collection route optimization model for Büyükçekmece municipality to increase collection efficiency, save
collection costs, and reduce emissions by considering plant, vehicle, container, and personnel data [2, 19, 20].
RouteSmart (RS) software was used for the analyses, which makes route optimization using its own solver
engines, offers many solutions such as geographic information system outputs, economic, cost outputs,
tabular data, time data [5].

2. METHOD AND MATERIALS
2.1. Sampling Area
Büyükçekmece is a district and municipality of Istanbul province (Figure 1). The city, which has a coast on
the Marmara Sea on the European side, covers 3% of the city of Istanbul [9]. Büyükçekmece has a population
of 269,160 according to 2021 data.

Figure 1. Map of Büyükçekmece District, ArcGIS Program Screenshot

2.2. Methods
In this study, it addresses smart waste collection, zero waste and recycling planning by using the RouteSmart
product and HERE Technology Street network. With the energy savings it provides to all these processes, air
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pollution makes a positive contribution and reduces carbon emissions. It contributes to the more economical
and efficient fulfillment of basic services that must be provided by local governments to sustain city life.
Using a software with advanced industrial routing algorithm to make existing vehicle routes more
economical, to provide fuel savings, to reduce truck volumes, to reduce the number of personnel, to reduce
costs and thus to reduce carbon emissions. Route currently used by existing vehicles and in the order of
visiting the container calculation. Route of available vehicles suggested by the software and in the order of
visiting the container calculation from scratch with new vehicles without region restrictions calculating the
routing result.

2.3. Data Modelling
In this study, the data were evaluated using the RouteSmart software program [6]. The RouteSmart includes
re-routing engines that optimize the routes of vehicles collecting from containers or recycling bins based on
provided site data. Driving routes for vehicles and walking routes for personnel working in the field can be
created separately or together. In RS, each truck or personnel is represented by one route. For example, 34
AA 1234 plate vehicle, that is, the route will collect containers at 70 points on Sunday. If there are 30
vehicles, then there are 30 routes. Three basic products are used together to perform route planning and
optimization: RouteSmart for Solver engines and route tools, ESRI for geographic information system, HERE
street network data (Figure 2).

Figure 2. HERE program screenshot

The data were entered into RS are Start Facility (Figure 2); X,Y coordinates, address: street name, street type,
building number, post code, facility name, opening time closing time facility status (intermediate facility
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status). The time duration of the vehicle at the facility earliest and latest arrival times, material type (glass,
paper, plastic, etc.), container type, late fees etc. (we defined an average of 32 criteria for Büyükçekmece
case). Container details for routes are X,Y coordinates address: street name, street type, building number, post
code, weight in kg type (galvanized, underground, box, etc.), material (glass, paper, plastic, etc.), service time
(how long does it take to get the waste to the vehicle), pick up day, purchase hours (for example, between
8:00 and 10:00 in the morning or between 8:00 and 10:00 in the evening and between 4:00 and 6:00 in the
evening), regional information. Vehicle details are number of vehicles: quantity-based (number of vehicles is
certain, for example 20), load-based (let the system find the number of vehicles according to the container
weight to be collected). Time-based (In cases where it is essential to complete the work in the given time, the
system should calculate how many vehicles are needed). Specific to the starting point (If the starting points of
the vehicles and the starting points of the work are different, let the system calculate the number of vehicles
according to this situation). Load and total capacity definitions (kg) starting, intermediate, unloading facilities
and their types, work start and end times, break times and places, service time (8 hours per shift), vehicle
model (underground, galvanized, paper, plastic, medical waste, etc.), fuel (How much fuel is consumed per
100 km), vecihle cost, personnel cost.

3. RESULTS AND DICUSSION
Available in Büyükçekmece data value, 6689 Container 21 Galvanized Vehicle Underground 4 Cranes
Vehicle 25 Waste collection Tool 6360 Galvanized Container 329 Underground Container. implemented in
the project; Underground with 4 Cranes Vehicle 329 Underground container. Before using the program, the
number of trucks, fuel and carbon dioxide amounts can be seen in table a. After the program is used, the
number of trucks, fuel and carbon dioxide amounts are seen in table b, and the data is not entered in the
empty spaces. Table b shows the decrease in total fuel amount, total carbon monoxide amount and total route
cost.
From the tables, we can obtain information such as reductions in the number of vehicles, reduction of
vehicles to lower tonnage, improvement in vehicle maintenance and prolongation of the life of the vehicles
used, fuel savings in vehicles, savings on payments made for vehicle tracking systems. (Figure 3).
a)

b)

Figure 3. RouteSmart program Screenshot (a) results before using the program (b) results after using the program

Figure 3 shows the weekly measurements and planning for 4 vehicles that were calculated using RouteSmart
software. Truck plates starting with 1 in the Route ID section in the first column of the tables represent
Monday, Tuesday starting with 2, Wednesday with 3, Thursday 4, Friday 5, Saturday 6 and Sunday 7. Fuel,
cost and emission values were calculated for the 4 vehicles in the fleet.
Similar work can be done with 20% less fuel, and the situation will reduce the carbon emissions of vehicles,
which are mostly diesel vehicles (Table 1). It makes a significant contribution to the goal of reducing harmful
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gases, which is the main goal of climate change. Table.1 is made for planning in underground containers for
only 4 vehicles per week. These results show that the entire waste collection process in Büyükçekmece
district will be more effective, since only the waste collection in the underground container will contribute to
a 22% gain and climate change. Multiple solutions can be created by entering different values in RouteSmart.
The solution comparison tool can then be reported to compare these solutions with each other. This
comparison helps in choosing the most ideal solution for use in field. It also provides very useful information
to compare the old and new route planning solutions in the process of improving the solutions in use. Smart
optimization tools seem to give practical, fast and environmentally fast results.
In order to provide high quality data for solid waste management in Büyükçekmece district, a systematic plan
is required for the transfer of all data. The optimized route allows the vehicle to spend less time in traffic,
reducing exhaust emissions, creating a solid waste collection network and statistical analysis applications on
it show that optimization is the fastest and most practical application.
Table 1. Summary of results

Underground Containers Route
Calculation
(4 Vehicles)
Current status unprocessed

WEEKLY
Distance(km)

Cost (₺)

CO2 (kg)

7,013 km

₺22,285

10,500 kg

Current status after commit to
software (except Friday Dec 3)

5,999 km

₺17,554

8,270 kg

Saving Rate (%)

14%

21%

22%

4. CONCLUSION
Route optimization system was used as a decision support tool for the optimization of waste collection routes
in Büyükçekmece district of Istanbul. This study demonstrates how a smart analysis tool provides an effective
way to manage complex decision making and improve waste collection performance with limited resources.
It also provides information about carbon emissions of solid waste collection. The novelty of this study is
solving the desired targets from a synoptic point of view by using nearly 300 criteria. The proposed system
achieved the targeted objectives and demonstrated the feasibility of an optimization model for the waste
management sector to build a sustainable smart city. The findings of this study can be used to strengthen
efforts to achieve on solid waste collection and management. These data may help policy makers and
stakeholders to evaluate total and sorted waste production over time, set and assess targets, and identify best
policy practices. The results provide operational waste collection data that can be used in lifecycle models for
areas with similar collection systems.
Route optimization improves collection efficiency, cost saving and emission reduction. Fixed routing
optimization with static data and variable routing optimization with real-time data are considered. The
optimized route reduced the total driving distance and the fuel consumption. In addition, this study will lead
the planning of data such as zero waste, recyclable waste and garden waste in the solid waste collection
process, and a more planned model will be created. It will play an effective way in the optimization of waste
collection, sustainability, energy efficiency and climate change.
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Reduction of Greenhouse Gas Emissions from
Municipal Waste Collection Applying
Optimization of Transportation Routes Using
Ant Colony Algorithm
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Abstract
Municipal solid waste (MSW) management could generate considerable amounts of greenhouse (GHG)
emissions for a long time. The correlation between municipal solid waste management and greenhouse
gas emissions has majorly depended on the volume and physical composition of the wastes and the waste
transportation methods. Various methodologies have been developed in order to take under control the
GHG emissions resulting from waste collection. Optimization of transportation routes is an effective and
feasible method for mitigating the GHG emissions of municipal waste management, in recent years. In
this context, this paper aimed to reduce GHG emissions from municipal waste management using
optimization of transportation routes in Diyarbakir city, Kayapinar district, located at southeastern of
Turkey. Ant colony algorithm which is an artificial intelligence technique to obtain route optimization to
mitigate GHG emissions. GHG emissions from waste collection have been figured out using a new
developed model depended on fuel use adapted from Tier-1 method developed by IPCC. This study has
presented a new estimation model to develop an optimal route for MSW collection and transportation,
while mitigating greenhouse gas emissions. If optimized route is used resulting from ant colony
algorithm, averagely 9.1% of reduction on GHG emissions from waste collection could be obtained.
Keywords: Ant colony algorithm, greenhouse gas emissions, minimization, optimization, waste
collection

1. INTRODUCTION
Municipal solid waste (MSW) management could generate considerable quantities of greenhouse (GHG)
emissions in recent years. GHG emissions originated from waste collection are a significant environmental
challenge in the development and management of smart cities, having a crucial impact on environmental
sustainability [1]. An effective MSW management has led to the significant reductions reached up to 65 to
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80% of the budget for the collection and transportation of solid wastes [2,3]. Thus, minimized savings on
solid wastes which will lead to considerable financial revenues and, most importantly, significant reductions
in GHG emissions [2,3,4,5,6].
European Union (EU) Green Deal has recommended the GHG emissions reductions for all sectors [7] all over
the world. According to “Fit for 55” legislation package by European Commission, 40% of reduction on
GHG emissions from waste sector has been aimed by 2030 [8]. The correlation between municipal solid
waste management and GHG emissions have been mainly based on the volume and physical constitution of
the solid wastes and waste transportation techniques. Fuel consumption has led to considerable amounts of
GHG emissions for municipal waste collection. It is possible that fuel consumption could be minimized and
optimized using various waste collection routes. If fuel consumption reduces, indirectly GHG emissions
would be lower. From this point of view, this paper aimed to mitigate GHG emissions from MSW
management using optimization of transportation routes in Diyarbakir city, Kayapinar district, Turkey.
There are many previous studies related to this topic in recent years. Abdelli et al. (2016) investigated the
optimization of MSW collection in terms of collection cost and carbon dioxide (CO2), nitrogen oxides (N2O)
and particulate matters (PM10) emissions [9]. Another study by Korkut et al. (2017) was performed on
comparing diesel fuel consumption and determining the GHG emissions of MSW collection of the 39 districts
of Istanbul [10]. Yaman et al. (2019) investigated GHG emissions resulting from waste collection and
transport activities using AERMOD modelling system [11]. The originality of this work is that ant colony
algorithm has been used for route optimization. The other novelty is that a new estimation tool has been
developed based on Tier-1 method by IPCC [12].

2. MATERIALS AND METHODS
2.1. Materials
This study proposed a new estimation model to develop an optimal route for MSW collection and
transportation, while reducing greenhouse gas emissions. The neighborhood of Barış in the Kayapinar District
of Diyarbakir Province, Turkey, was selected due to the reachable socioeconomic and demographic data as a
metropolitan urban area. The study area and waste collection points are presented in Figure 1.

Figure 1. The study area and waste collection points

2.2. Methods
The route optimization has been applied using ant colony algorithm. Python software was used in order to
perform the ant colony algorithm. The optimal route was determined using ant colony algorithm. And then,
fuel consumptions have been determined for available and optimized route. A new calculation term was
developed adapted from Tier-1 method. CO2, N2O and methane (CH4) emissions from waste collection have
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been estimated fuel consumption and their emission factors related to diesel fuel. The developed model was
presented in Eq. 1. The emission factors for diesel fuel are 74.1, 3.00 and 0.60 tCO2/TJ, respectively [13].
EGHG= (FC x EFGHG)/1000
Where:
EGHG: GHG emissions from waste collection (tCO2eq)
EFGHG: Emission factors of GHG (tCO2/TJ)
FC: Fuel consumption (kg-diesel)

3. RESULTS AND DISCUSSION
The results revealed that GHG emissions could be reduced if route optimization is performed. Fuel
consumption is 66 kg for available transport route. In the result of ant colony algorithm, the optimal route has
been determined and tried for waste collection. Fuel consumption is 60 kg for optimized route. Figure 2
demonstrated the GHG emissions results for waste collection for available and optimized routes. According
to the estimation tool, CO2, CH4 and N2O emissions are 4.89, 0.19 and 0.039 tCO2eq for available route. CO2,
CH4 and N2O emissions are 4.45, 0.18 and 0.036 tCO2eq for optimized route.

GHG emission (tCO2eq)

6
5
4
3

Available route

2

Optimized route

1
0

CO2
emissions

CH4
emissions

N2O
emissions

Figure 1. GHG emissions variation of waste collection using route optimization

Abdelli et al. (2016) investigated the optimization of MSW collection in terms of collection cost and CO2,
N2O and particulate matters emissions [9]. They similarly applied a simultaneous optimization of the vehicles
routing and the routing system for wastes collection. They reported the reduction of 67.9% for CO2 and
74.2% for N2O emissions [9]. Korkut et al. (2019) reported similarly 61.2 to 2759.1 t CO2-eq of GHG
emissions for waste collection [10]. Yaman et al. (2019) estimated the average associated total greenhouse
gas emissions were about 24.935 tCO2eq for waste collection [11].

4. CONCLUSIONS
This study confirms that route optimization could reduce the GHG emissions from waste collection processes.
Route optimization could also lead to considerable savings on fuel consumptions. And it indirectly has led to
considerable reductions on GHG emissions. If optimized route resulting from ant colony algorithm is used,
averagely 9.1% of reduction on GHG emissions from waste collection could be obtained.
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Using Network Analysis Optimization of Solid
Waste Collection Route: The Example of
İskenderun (Hatay) County
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Abstract
In recent years, the increasing population and the efforts to improve the quality of life have led to an
increase in the amount of solid waste produced. For this reason, it is necessary to evaluate the solid wastes
and examine the current situation as an integrated system. Parameters such as waste characterization,
amount, collection and transportation under current conditions, disposal method, socio-economic status of
the region constitute important stages in system planning. Approximately 65-80% of the cost in the solid
waste management system run by local governments is the collection and processing cost. Therefore, with
optimization studies, a significant decrease in this rate can be achieved in the waste collection-transport
route. Improvements in operating costs also provide significant savings in terms of depreciation and fuel
costs. Within the scope of the study, when the socio-economic, demographic, and topographic conditions
of the Iskenderun district of Hatay province were examined, Denizciler district was chosen as an example
representing all district characteristics. The optimization route has been tested with various tools included
in the ESRI ARCGIS software. In the network analysis, a shorter route of 421 meters was obtained.
Considering the current route, which is 14340 meters long, a 3% improvement has been achieved with the
analysis made. In the last part of the study, garbage collection was carried out according to the newly
created route. Thus, the feasibility of the improvement made with network analysis has been tested in the
field, and it has been observed that time and fuel savings are achieved in terms of cost.
Keywords: Solid Waste, Municipal Solid Waste Management, Solid Waste Collection, Route, GIS.
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1. INTRODUCTION
One of the most important environmental problems that directly affect human life and cause harmful effects is
solid waste. As the population shows a constantly increasing trend around the world, it is inevitable that
consumption should follow this rising trend together with the population. As a result, solid waste production is
increasing day by day. As of 2020, according to the data of the Turkish Statistical Institute, the population of
our country has been determined as 83 million 614 thousand 362 people. While around 32.3 million tons of
urban solid waste is produced annually in our country, an average of 1.13 kg of solid waste is produced per
person per day [1]. With the increase in population, the investment costs for the collection of solid wastes have
increased. In solid waste management, collection and transportation accounts for 70% of the total cost.
Therefore, solid waste collection and transportation is a costly business. Improvements to be made in solid
waste collection routes will have a positive impact on the collection cost.
Collection and transportation of solid waste constitutes the majority of solid waste management. In the
literature, it is possible to reach optimization studies with the integration of different disciplines such as
environment, geomatics and industrial engineering. Prabhakaran et al. (2017) [2], route optimization was
performed with ArcGIS network analysis for domestic solid waste collection. The determined region was
studied by dividing it into two. It was observed that the distance traveled to collect solid waste was reduced by
25% as a result of optimization. Sanjeevi et al. (2015), [3] an optimization study was carried out using ArcGIS
application in Chennai, one of the major metropolitan cities in the southeast of India. After developing a spatial
database for the whole of Chennai with 200 nodes, 13 solid waste transfer stations were identified through
optimization studies using ArcGIS. This optimization process has reduced the distance traveled by 9.93%. In
the study conducted by Ağaçsapan (2016), [4] Geographic Information Systems (GIS) were used in the
selection of the waste transfer stations in Eskişehir province. The characteristics of the area where the wastes
are managed, which differ according to the characteristics of the environment in which they are produced, are
taken into consideration. In this context, GIS application was used in the sustainable realization of waste
management and in determining the most suitable area for the environment and human health in line with the
data available while determining the field of activity. Prabhakaran et al. (2017), [2] route optimization was
performed with ArcGIS network analysis for domestic solid waste collection. The determined region was
studied by dividing it into two. It was observed that the distance traveled to collect solid waste was reduced by
25% as a result of optimization. In the study conducted by Çolak (2018), [5] it was aimed to monitor the places
damaged after the forest fire in the Menderes region of İzmir with remote sensing and GIS integration. GIS
data is combined with remote sensing data. As a result of the study, a slope between 29% and 41% and closure
of 71-100% were determined, and most of these findings were seen to cause low burning tendency. GIS was
used by Çakır (2018) [6] for domestic solid waste collection and transportation works in Şanlıurfa, Suruç
Municipality. With this study, it was aimed to minimize the solid waste collection and transportation process
costs. It has been seen that the obtained data contributed greatly to the cost of the studies using GIS. In the
study conducted by Pamukçu (2021), [7] the solid waste collection route optimization of Diyarbakır Province
Kayapınar District Barış Neighborhood was discussed. For this study, the ant colony, which is one of the
artificial intelligence samples, and the performance of genetic algorithms and GIS software were used in
coordination. As a result of the study in question, different results were obtained with each method. The Ant
Colony Algorithm provided the most efficient result in numerical terms, with an improvement of approximately
41%.
With this study; the existing waste collection system of the Denizciler district, which was chosen as a
representative district in the İskenderun county of Hatay, was investigated. Then, the optimization of the solid
waste collection route was attempted by using both linear programming and GIS application. As a result, by
the optimization study performed tried to optimize by these methods, by the ArcGIS solution, will of 3% from
the total distance was achieved. Therefore, this work will be further developed to integrate different soft
computing methods in terms of time, finance and sustainable environment.

2. MATERIALS AND METHODS
2.1. Study Area
To route optimization, İskenderun district, which is the most developed district in terms of industry and
urbanization, was selected from 15 districts in Hatay province. The population of Iskenderun is 250 thousand
964 according to 2020 Turkish Statistical Institute data [1]. There are 45 neighborhoods in Iskenderun district.
Denizciler Neighborhood one of the neighborhoods by the sea, has a surface area of 2 million 921 thousand
200 square meters and a population of 24 thousand 617 people. The slope of the elevation profile of Denizciler
Neighborhood, which is one of the densely populated neighborhoods, is 15% and has an average slope of 5.7%.
According to the geometric standards of the highways, the Denizciler Neighborhood topographic structure
(5.7%) can be considered flat. The daily waste amount was calculated as approximately 28 tons and 10,000
tons per year.
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2.2. Geographic information system and network analysis tool
Geographic Information System (GIS) “designed to solve complex planning and management problems; It can
be defined as the system of hardware, software and methods that enable the coverage, management, processing,
analysis, modeling, and display of the data whose position in the space is determined [8;9;10]. Environmental
management, municipal activities, transportation, health, tourism, education, agriculture, trade, defense, and
security systems, etc. It has a wide usage area [8]. Network analyst tool, which is one of the GIS analyzes, was
used. With the network analysis tool, many analyzes can be performed such as creating a single or multi-modal
network dataset, determining the best route using a network dataset, creating a model for route analysis,
transporting several orders with a vehicle fleet, network analysis using traffic data, and optimal location
allocation [10;11].

2.3. Methodology
The road map of Denizciler District was obtained from the Planning and Project Directorate of Iskenderun
Municipality and converted into “.shp” format supported by Esri ArcGIS software from Geographic
Information System applications. The coordinate data of the points where the Solid Waste containers are located
were determined in the field study with the help of Iskenderun Solid Waste Association and Envitec personnel,
and the coordinates of the locations of these points were transferred to Esri ArcGIS 10.8 software.
Esri ArcGIS 10.8 software was used within the scope of Denizciler neighborhood solid waste collection route
optimization. To be transferred to the GIS software, Denizciler neighborhood road map coordinates obtained
from the Planning and Project Directorate of Iskenderun Municipality were converted to the "TUREF_TM39"
coordinate system by adding direction limitation, speed limit and time limit. As a result of the field work carried
out with the officials of Envitech company, which is authorized by the Iskenderun Municipality for the
collection of neighborhoods in Denizciler neighborhood, the solid waste container points were recorded by
GPS. This program records the coordinate data of garbage collection vehicles instantly. As a result of this study,
after the locations of the containers were marked on the map, the network topology of Denizciler neighborhood
was created. There are 202 solid waste collection containers available in Denizciler neighborhood. Network
structure and container points of Denizciler neighborhood is shown in Figure 1.

Figure 1. Network structure and container points of Denizciler neighborhood
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3. RESULTS AND DISCUSSION
3.1. Examination of the Current Route
To determine the route and container points in Denizciler neighborhood, field work was carried out by getting
on the garbage collection vehicle in the company of Envitec personnel. The garbage collection process, which
started at 6:45 in the morning from Dutlu Bahçe Site in Denizciler neighborhood, took 5 hours and a total
distance of 14340 meters was measured. This process is carried out regularly at the same time every day of the
week. The neighborhood where the fieldwork was carried out has streets and avenues that can be considered
regular.

3.2. Denizciler Neighborhood Solid Waste Collection and Route Optimization Data
The physical and logical structures of networks are explained by topology. In this context, the ways in which
the components that make up the networks come together with each other, the ways to be followed and the
appropriate usage patterns are within the scope of the topology. The combination of parts connected by different
forms creates networks. These interconnected lines are explained by network analysis. Connecting parts such
as street, road, main road, avenue is within the scope of network analysis. The connection states of the networks
are determined by the topological relationships explained by the nodes.
The coordinate data of Denizciler neighborhood solid waste container points were transferred the ArcGIS
software and the optimum route was obtained with Network Analysis (Figure 2). Route For optimization, the
ArcGIS software has been tested with various tools in the software. As a result of the route optimization with
network analysis, 13919 meters distance was measured (Figure 2). Network The analysis has been obtained
421 meters shorter route. 14340 meters in length available Considering the route, a significant improvement
was obtained with the analysis (Figure 3).

Figure 2. Road route optimization as a result of network analysis
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Figure 3. Route ranking of container points because of network analysis

4. CONCLUSIONS
The fieldwork, which was initiated from Denizciler neighborhood Dutlu Bahçe Sitesi at 06:45 in the morning
to examine the current route, lasted 5 hours and a total of 14340 meters of road was measured. Route
optimization with network analysis calculated the current route as 4 hours 42 minutes and 13919 meters. With
the use of the re-determined route after reflecting these data on the field, the time to reach the last point of the
solid waste collection vehicle, which started from the first container, was 4 hours and 47 minutes, and the total
distance was measured as 14000 meters (Table 1). As a result of the optimization study, a real gain of 18
minutes and 340 meters emerged. This daily time and distance gain for the solid waste collection vehicle
operating every day of the week will be 126 minutes and 2380 meters per week, 540 minutes and 10200 meters
per month, 6570 minutes and 124100 meters per year.
Table 1. Comparison of route optimization data
Data

Current Route

Route Optimization

New Route

Time

5 hours

4 hours 42 minute

Distance

14340 m.

13919 m.

4 hours 47
minute
14000 m.

It is considered that the difference between the time and distance obtained with the Route Optimization with
network analysis and the time and distance obtained because of reflecting this data on the field arises due to the
displacement of the containers by arbitrary applications, the containers are not full, and the traffic situation in
dead-end streets can vary.
The labor force gain that will occur because of the shortening of the existing route will lead to an increase in
productivity for the company. On the other hand, efficiency in fuel consumption will increase as solid waste
collection vehicles travel less distance. As another result of this situation, exhaust gas emission will decrease,
and it will have less impact on environmental pollution. Since the depreciation shares of vehicles on a yearly
basis will decrease, maintenance and repair costs will also decrease.
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Abstract
The amount of waste generated because of population growth and improvement in consumption habits in
Turkey tends to increase day by day. According to 2020 TUIK data, environmental protection
expenditures increased by 8.9% compared to the previous year and reached a total of 41.7 billion TL.
54.4% of environmental protection expenditures cover waste services. The population of the Barış
Neighborhood in the Kayapınar district of Diyarbakır, which is the subject of this study, is 23 581
according to the 2020 TUIK data. The average amount of waste produced per person in a month is 7.6
kg/person. In the results of these statistics, it has been seen that the investment costs in the transportation
of wastes are increasing day by day. In this study, the performance of ant colony and genetic algorithms,
which are among the artificial intelligence techniques, and route optimization using GIS (geographic
information system) software were tried to be achieved to solve the GSP (traveling salesman problem),
which is included in the route planning problems. The results of the study showed that savings were
achieved with an improvement of 15.1576% in GIS, 29.8104% in GA (Genetic algorithm) and 40.5171%
in ACS (Ant Colony System) compared to real life. As a result of the application, it has been observed
that the ant colony algorithm is superior to the Genetic algorithm and GIS, as it draws a shorter route in
terms of distance and obtains a better result in terms of improvement rate.
Keywords: Landfill siting, Municipal Solid Waste Management, Route Optimization, GIS
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1. INTRODUCTION
Solid waste is one of the important causes of the environmental crisis, which negatively affects human health
all over the world and is rapidly approaching a disaster level that will directly threaten human life. As with all
other environmental problems, the increase in solid waste production, which goes in parallel with the
increasing population and increasing consumption, has become a focus of great concern. Additionally,
problem of global warming has become a major problem that the international community must face in this
century. The IPCC’s (Intergovernmental Panel on Climate Change) report stated that development based
largely on fossil fuel energies will increase global average temperatures by about 4.5 °C in the 21st century.
Therefore, good management of these processes is of great importance in terms of cost, environment and
time. Otherwise, significant problems arise in terms of excessive fuel consumption, waste of time,
depreciation expense, environment and public health [1]. In this study, optimization methods in the literature
are examined in order to develop an optimal route plan for solid waste collection and transportation.
Optimal routing in solid waste collection includes planning and defining routes for the passage of trucks
during the collection process. Failure to apply scientific or technological interventions in the selection of the
optimal route causes the take distance of waste collection trucks to prolong the distance and increase the
collection cost [2]. Studies in the literature have explored the solid waste collection problem in terms of
optimization using mathematical programming and GIS-based approaches to achieve resource conservation
and environmental protection [3]. The objective of vehicle routing is to minimize time, cost, and distance,
given some relevant parameters [4, 5, 6]. Studies in routing of solid waste collection trucks therefore consider
the importance of path constraints [7]. There are many studies that are similar to the subject of the study and
conducted in previous years. In a study conducted by Liu and He (2012) [8], ACS (Ant Colony System) was
used in order to solve the road problem in the collection and transportation of wastes and to save time, and it
was seen that efficient results were obtained. In another study conducted by Reed et al. (2014) [9], it was
demonstrated that high efficiency was obtained from this method by working with the Ant Colony System,
which is recommended for the collection of household waste with minimal cost expenditure. Sanjeevi et al.
(2015) [10] conducted an optimization study using ArcGIS application in Chennai, one of the major
metropolitan cities in southeast India. After developing a spatial database for the whole of Chennai with 200
nodes, 13 solid waste transfer stations were identified through optimization studies using ArcGIS. This
optimization process has reduced the distance traveled by 9.93%. Yetiş (2018) [11] used the Geographical
Information System to calculate the groundwater salinity in the Şanlıurfa Balıklı Lake Basin and created the
areal distribution maps of the study region. As a result of the study, it was observed that the sampling point
was found more easily and most importantly, time was saved with the spatial mapping of GIS.
In this study, the existing solid waste collection route belonging to the Barış Neighborhood of the Kayapınar
district of Diyarbakır province was excavated and examined. In order to minimize the costs, Genetic
Algorithm and Ant Colony method and Network Analysis method were also used to calculate the route
optimization. The problem covered in the study was calculated using the Python programming language with
Genetic Algorithm and Ant Colony optimization methods. In addition, a suitable route was created by using
Network Analysis, which is one of the GIS analyzes. All the results obtained were compared with the existing
solid waste collection route of the municipality.

2. MATERIALS AND METHODS
Kayapınar district, which is one of the four central districts in Diyarbakir province, was chosen for route
optimization. The population of Diyarbakir has increased compared to the previous year and is 1 783 431
people according to 2020 TUIK data. The area of the province is 15,168 km2 and there are 118 people per
km2 in the province. Kayapınar, one of the central districts, has a surface area of 438 km2 and is the most
populous district in the province with a population of 400 905 people according to TUIK 2020 data [12].
Barış Neighborhood, which is the study area, covers an area of 303.85 hectares.
Barış Neighborhood is a settlement where people with different socioeconomic characteristics live together,
showing an example of both regular and unplanned urbanization. There are various structures within the
boundaries of the neighborhood: community health center, various schools, mosque, TEİAŞ, playgrounds,
health centers. In the neighborhood, wastes are collected in metal solid waste containers of 600-800 liters,
located in front of apartments, parks and schools.
Solid waste is collected by 27 solid waste collection vehicles, 11 in the morning and 16 in the evening, across
the Kayapınar district. While the capacity of 1 solid waste truck is approximately 5.5 to 6 tons, 162 tons of
waste is collected daily in the district. An average of 16 tons of waste is collected in a week, this amount is 23
tons on Monday, 12/13 tons on Sunday and 16 tons on the remaining days. Approximately 64 tons of waste is
collected monthly [13]. In Barış Neighborhood, solid waste is collected by a vehicle between 06:00 and 12:00
in the morning. A fruit and vegetable market are set up in the neighborhood 2 days a week, and the vehicle
collects about 8.25/9 tons of waste in 1.5 trips, collecting half an extra solid waste on those days. The wastes
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accumulated in the solid waste containers are collected daily by rear-loading, hydraulic compression vehicles
belonging to Kayapınar Municipality.
Barış Neighborhood has a population of 23 581 according to 2020 TUIK data. The average amount of waste
produced per person in a month is 7.6 kg/person [12]. The maximum slope of the elevation profile of Barış
Neighborhood, which is one of the neighborhoods where the population with different socioeconomic
characteristics is densely populated, is 14.1% and has an average slope of 2%. According to the Highways
Geometric Standards, the topographic structure of Barış Neighborhood is inclined. The coordinate data of the
solid waste container points were determined by checking the routes that the tracking device passed, and the
locations of these container points were transferred to Google Earth Pro.
In this study, mainly the Genetic Algorithm method is used for the solution of the route optimization problem,
and calculations are also made with the Ant Colony method. Using the Python programming language,
Genetic Algorithm and Ant Colony optimization methods were used to calculate the shortest distances
between the solid waste container points and the result was also obtained using GIS. By comparing the results
obtained, the method that gives the most appropriate route has been adopted [14;15].
For the GIS solution, ArcMap module, which operates based on the Dijkstra algorithm and the method of
finding the shortest path, was used and the studies were carried out with the network analyst tool of this
module. Creating a single or multimodal network dataset with the network analysis tool, determining the best
route using a network dataset, creating a model for route analysis, transporting several orders with a fleet of
vehicles, performing network analysis using traffic data, allocating the most appropriate location, etc. analysis
can be done [14;15]

2.1 Genetic algorithm (GA)
Genetic algorithms can be defined as a method in which the evolutionary event is coded in the computer
environment to find answers to some problems that are difficult to solve with traditional methods and an
attempt is made to search for optimal or near-optimal results by using this evolutionary process. Holland
(1975) laid the groundwork for this approach. According to Goldberg, the genetic algorithm is a metaheuristic
search method based on the coding of parameters that search randomly and try to find a solution [16].
Instead of a single result for the problem tried to be solved in the genetic algorithm, a set of results is created
in which the most appropriate result will be evaluated. The result obtained because of the calculations made
in the genetic algorithm creates the possibility of being selected, but it cannot guarantee being selected. The
selection to be made is random like the initial population created at the beginning, and the fitness value of the
solutions shows the determination of the solution candidates [17].
Genetic algorithm (GA) is a heuristic screening method developed by being inspired by the change processes
in nature. It is a robust and flexible approach in general and can be used to solve many problems that have
both discrete and continuous character. The general solution methods group, which includes genetic
algorithms, is called evolutionary algorithms, and essentially evolutionary algorithms are a sub-branch of
artificial intelligence. On a theoretical basis, it can be said that the origin of evolutionary algorithms dates to
the 1950s. In particular, A. M. Turing's (1950) work titled "The Calculator and Intelligence" contains many
concepts that form the basis of evolutionary algorithms [18].

2.2. Ant Colony Algorithm
In the calculation of the ant colony algorithm, it is aimed to find the shortest path inspired by the pheromone
secreted by the ants along the route to find food and then return to their nests [19]. In history, Dorigo applied
the algorithms created by the behavior of ants, namely the pheromone ratios they secreted, to the traveling
salesman problem for the first time and obtained positive results. The positive result obtained from the
algorithm has also set an example for future generations and has been used in many route problems [20].
The basic logic in the ant colony algorithm is the behavior of ants while searching for food. This behavior
was also measured by the pheromone they left in parallel with the probability of finding food on the route
they passed. First of all, ants head towards the points where the food is found randomly. Since they secrete
the smell, they call pheromone while passing there, other ants that pass through the same route head there,
depending on the rate of finding food. In other words, the pheromone left by the ants passing through the
route shows parallelism with the ratio of the food available at that point. The basic relationship between these
pheromone traces and ants enables the ants to return to their nests where they left while searching for food.
This characteristic feature in real ants has been used in artificial ant colonies to solve integrated optimization
problems [21].
The first thing to do when starting the calculations with the ant colony algorithm is to determine how many
ants will be used. Afterwards, each ant is randomly placed on a point, and thus, all available points are visited
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one by one, and the ants complete the tour. The representation of these process steps in mathematical
language is given in equation 1 [21].

, if
Here;

! ∈ $!"

(1)

: probability of the ant going from point i to point j
: pheromone value in the middle of i and j points
: heuristic value between points i and j
: pheromone criterion
: intuitive criterion
: dots part

2.3. GIS “Network Analysis”
It covers the processes of transferring all kinds of data belonging to the earth to the computer environment by
establishing relations with the space and storing these data by means of special programs used, classification,
comparison with each other, analysis, updating and visualization as maps, graphics, and tables as desired. As
such, GIS is not just transferring and storing various data to the computer environment. The most important
feature that distinguishes GIS from other database systems is that it stores all data depending on the place
they belong to on earth and allows a wide variety of spatial associations, that is, various analyzes between
them [22].
GIS, which started to develop in Turkey recently, especially after the 1990s, has now been widely used in
many different sectors. When we look briefly in which areas GIS is used, in socioeconomic areas, health,
local government, transportation planning, service and city management applications. In defense; target area
identification, tactical support, mobile command modelling, smart data integration, in business life; market
sharing analysis, insurance, fleet management, target marketing, positioning of sales areas, infrastructure;
network management, service provision, communication, emergency response, environmental management;
It is seen that it is used effectively in site selections, EIA studies, pollution controls, disaster management and
resource management.
In addition to the ability to store verbal information of spatial data in an integrated way in the database, GIS
also has the feature of querying and processing these data with the help of programming languages and
visualizing the analysis results. For this reason, it provides visualization and more appropriate analysis of
classical database operations such as data storage, querying and statistical analysis.

3. RESULTS AND DISCUSSION
3.1. Performing Route Optimization with Genetic Algorithm
There are 105 solid waste container points belonging to Barış Neighborhood. The coordinates of these
container points were obtained from the Google Earth Pro application and a dataset was created with this
information. The created coordinate information was transferred to the working environment using the
"Pandas" library. The data set was obtained by labeling the coordinate information of 105 solid waste
containers.
The distance information obtained by calculating the Euclidean distance between the tagged coordinates was
used in the genetic algorithm. The formula used to calculate the distance is as follows:
d = √[(x2 – x1)2 + (y2 – y1)2]
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Using the distances obtained by the formula, the following steps were used to determine the best route
between the container points.
1. Creation of the starting route; At this stage, a random route was created between 105 coordinates.
2. Calculation of the total length of the created route: Calculation of the distance between the points of the
route created with the Euclidean distance shared in the formula.
3. Performing crossover between points: Creating a new route by performing crossover between selected
points.
4. Mutation: Applying a mutation between the new route created according to the mutation probability.
5. Continuing the cycle by returning to the second step for the specified number of steps.
For population formation, which is one of the stages of the genetic algorithm, the data entry of 105 containers
was written in accordance with the python programming language. When it comes to the final stage in the
calculation of the Genetic Algorithm, routes were created according to the number of generations and
distance calculations were made with this route. The distance after the 1000th population was 18910.63
meters (18.9106 km) (Figure 1; Table 1). The results obtained in Table 1 are shown in meters.

Figure 1. 1000. The population-generated route.

Table 1. The best distance values obtained according to the number of generations
Population

Distance (m)

1. Population

75965.44

100. Population

59833.45

1000. Population

18910.63

3.2. Performing Route Optimization with Ant Colony
There are some parameters that need to be determined when calculating the Ant Colony Algorithm. What
these parameters are can be explained step by step as follows:
Number of Steps: Indicates how many steps the optimization process will take.
Number of Ants: It refers to the total number of ants in the colony.
Alpha Value: Indicates the importance of the pheromone value between points.
Beta Value: Indicates the importance value of the distance between the points.
Pheromone Evaporation Value: Indicates the pheromone evaporation rate between points after each step.
In accordance with the parameters mentioned above, the values of the CCA calculated in the 'python'
computer programming language are given in Table 2.
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Table 2: Ant Colony Algorithm parameter values
Parameter

Value

Number of Steps

1000

Number of Ants

150

Alpha Ratio

1.0

Beta Rate

3.0

Pheromone Evaporation Rate

1.0

As shown in Table 2 above, ant colony algorithm parameters were determined. The following steps were
taken in line with these determined parameters and optimization was carried out with the data set used in
section 2.
Step 1: Ants are randomly placed on the dots.
Step 2: Each ant creates a route according to the determined alpha and beta values.
Step 3: The created route values are calculated.
Step 4: The pheromone ratio in the route that the ants pass according to the direction they form is increased.
Step 5: The amount of pheromone on the route is reduced according to the pheromone evaporation rate.
Step 6: It is repeated by returning to Step 2 as many as the number of steps.
Optimization was achieved in 1000 iterations by following the specified steps, and the route obtained is
shown in Figure 2. The total distance obtained according to the CCW optimization result shown in Figure 2 is
16026.21 m (16.0262 km).

Figure 2: Ant Colony Algorithm optimization map

3.3. Solution of Route Optimization with GIS
It is solved with the route feature of the ArcMap network analysis tool of Esri ArcGIS application. As a result
of these solutions, the results of the solution of 11 problem sets are shown in Figure 3. The distance obtained
for this ranking is 22.9616 km. Each result in the table; It shows the most suitable route between the vehicle
starting from the first point, stopping at other destination points, and returning to the starting point again.
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Figure 3: Network analysis optimization map

3.4. Extracting the Route Used in Real Life
Mobilize tracking device is placed in solid waste collection vehicles to determine the route used for the
collection of household waste in Barış Neighborhood. Thanks to the tracking device, the data of the
application can be obtained when the solid waste collection vehicle enters and exits the neighborhood. By
analyzing the data obtained at the end of the day, 105 container points were determined on the route of Barış
Neighborhood. The distances between 105 container points on this route have been calculated as 22.8488 km
(Figure 4).

Figure 4: Route ranking used in real life

4. CONCLUSIONS
Within the scope of this study, it has been tried to optimize the route used in the collection and transportation
of solid wastes with GIS, Ant Colony Algorithm and Genetic Algorithm. The results obtained with the studies
carried out in this direction were compared with the real-life data.
Using real-life data for a small area and evaluating the studies on it can provide convenience. However, as the
working area grows, optimization studies are carried out with the emergence of constraints such as time,
traffic density, number of vehicles and increase in the number of employees. In the study conducted for this
purpose, it has been seen that GIS, GA and CCA give more advantageous results than real life data.
In the process of determining the optimum route used by local governments in the collection and
transportation of domestic solid waste; It has been seen by experimental studies that the use of heuristic
methods has a significant share in terms of economic and environmental gains.
Optimization and comparison of the traveling salesman problem with the genetic algorithm and the ant
colony algorithm were used to calculate the route optimization in the collection and transportation of solid
wastes. With the calculations made, it was seen that the ant colony gave a better improvement result than the
genetic algorithm. A GIS solution was implemented using the network analysis tool of the ArcMap module of
the Esri ArcGIS application.
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In large-scale study areas, GIS gives more advantageous results than real data. Likewise, in the neighborhood,
which is the subject of the thesis, it was seen that the result obtained from ArcGIS was more advantageous
than the real data. It has been determined by calculations that the efficiency obtained from algorithms used
outside of GIS is much more advantageous. In the calculations made under four headings for Barış
Neighborhood, the most advantageous ratio was obtained with the Ant Colony Algorithm, with a distance of
16.0262 km and an improvement of 40.517%.
As a result, in the determination of the optimum route used by local governments in the collection and
transportation of domestic solid waste; It has been seen by experimental studies that the use of heuristic
methods has a significant share in terms of economic and environmental gains.
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Sustainable Management and Recovery of
Wastes as Alternative Fuel & Raw Materials
through Coprocessing - Case of Circular
Economy in India
Sadhan Kumar Ghosh 1
Abstract
Coprocessing of waste in cement plants is one of the most sustainable material and energy recovery
processes. Hence more interest by different nations should take interest in this process. In India
coprocessing is now taken as one of the best options of waste treatment and disposal.
Keywords:

1. INTRODUCTION
Waste generation by a citizen in the globe is a usual phenomenon, while the amount, the types, methods of
waste generation, waste reduction and waste disposal are the main concern for a nation. As the society is
progressing and the per capita income is increasing, the types of wastes as well as the rate of waste generation
are increasing at a faster rate. Several conceptual framework and policy instruments have been in practice in
different parts of the world to tackle the situation. The 3Rs (Reduce, Reuse and Recycle), Circular Economy,
Resource Efficiency Management (REM) are some of the tools and concepts which have been showing
significant improvement in the fields.
Waste by tradition has been thrown in the dumping ground in all the parts of the world sometime, may be in
past in the developed countries while at present in developing and in Least Developed Countries. In recent past
it was understood by many countries that Sustainable Management is needed and there is potential of recovery
of materials and energy from the Wastes.

2. A NEW PARADIGM- CIRCULAR ECONOMY
It has been proved that the throwing waste in the dumping yard contribute to significant loss and damage to the
society, resource reserves as well as the environment. It is understood by now that waste has to be brought into
a close loop resource cycling to reduce the unjustifiably increasing rates of natural resource extraction and
1
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maximise the utilisation of materials. A new dimension to this is Circular Economy. Circular economy goes
beyond recycling and is based around a restorative industrial system focused to treat waste as a resource.
Whenever a product reaches the end of its useful life, the attempt is made to keep the materials within the
production boundary and use them productively enough to create further value out of it (Ellen McArthur 2015).
The circular economy refers to an industrial economy that is restorative by intention; aims to rely on renewable
energy; minimizes, tracks, and eliminates the use of toxic chemicals; and eradicates waste through careful
design (Yuan et al. 2006; Geng et al. 2009). The concept of circular economy has deep-rooted origins. The
practical applications have gained momentum from the late 1970s or early 1980s to modern economic systems
and industrial processes.
Circular economy is defined (Ghosh, S. K, 2020) as a systems-level approach to economic development and a
paradigm shift from the traditional concept of linear economy model of extract-produce-consume-disposedeplete (epcd2) to an elevated echelon of achieving zero waste by resource conservation through changed
concept of design of production processes and materials selection for higher life cycle, conservation of all kinds
of resources, material and/or energy recovery all through the processes, and at the end of the life cycle for a
specific use of the product will be still fit to be utilised as the input materials to a new production process in
the value chain with a close loop materials cycles that improves resource efficiency, resource productivity,
benefit businesses and the society, creates employment opportunities and provides environmental
sustainability.

3. WASTE TO ENERGY (WTE)
Municipal Solid Waste Incinerators with waste to energy (WtE) normally involves generation of heat and
electricity. The conversion efficiency to electricity in WtE plants is low and may not be able to recover the
costs of construction. WtE-plants are expensive to build and operate; WtE plant acts as an additional emission
source and produce large amounts of residues (exit gas scrubbing residues, fly ash, bottom ash, etc.) that need
to be treated and landfilled. Incineration of wet wastes in the rainy season is another challenge, which causes
difficult burning conditions and often results in elevated emissions. Moreover, the production of fly ash tunes
to 20 % to 30% and bottom ash of nearly 5% are other challenge of disposal. Countries with cement industry
may to a certain degree forego building expensive WtE’s/incineration plants. Waste treatment and disposal
hence cannot be a sustainable way of waste management.

4. ALTERNATIVE FUEL & RAW MATERIALS (AFR) THROUGH COPROCESSING
Coprocessing of wastes in cement plants have been observed to be effective way of utilisation of wastes.
Alternative fuels and raw materials (AFR) from waste can play an important role in contributing towards
reducing the use of fossil fuel and costs while conserving natural resources, lowering global CO2 emissions,
and reducing the need for landfills. The use of AFR in resource and energy intensive industries is called coprocessing. Emission reductions from co-processing AFs are dependent on the emissions factor and biomass
content. Agricultural residues and biomass residues such as waste wood, rice husks, dried sewage sludge or
animal meal and other fuels with high biogenic carbon content can be considered as carbon neutral. AFs derived
from waste materials such as waste oil and non-recyclable plastics have varying emissions values, which are
usually lower than traditional fossil fuels. Increasingly, fuels are used which contain both fossil and biogenic
carbon, e.g., pre-treated industrial wastes, waste tires, or RDF from MSW which contains biogenic carbon
(Ghosh, S. K., et al, 2022).
Co-processing in cement kilns is a technology that is practiced globally on large scale for environmentally
sound and ecologically sustaining management of wastes from agricultural, industrial, and municipal sources.
This technology is in practice for about 40 years or so and has been recommended by Basel Convention for the
sustainable management of Hazardous wastes and by the Stockholm Convention for the sustainable
management of persistent organic pollutants (POPs). Co-processing promotes mitigation of the climate change
impacts and also conservation of the natural capital in addition to building circular economy on large scale with
a potential to provide large scale employment. Co-processing is an energy and material recovery process and
addresses the issues related to sustainable management of industrial wastes. In cement kiln, the combustible
portion of the waste gets used as fuel and the non-combustible portion gets used as the raw material leaving
nothing to be disposed in landfill or any other option of treatment. The combustible portion replaces the fossil
fuels and the non-combustible portion (Ash) replaces the raw materials such as Calcium, Aluminium, Silica,
and Iron. Due to high temperature, long residence time and alkaline environment present in cement kilns, the
environmental impact of the waste management in cement kilns is negligible. Figure 1 and figure 2 show several
types of waste those can be used for coprocessing in cement plants.
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Co-processing technology has been encouraged in some countries incorporating in national policies, strategies,
and programmes. Co-processing technology has been included in the waste management rules notified by the
government of India in the year 2016 as a preferred option for wastes management over the conventional
options of incineration and landfill.

Figure 1. Potential Sources of different raw materials for co-processing in cement kiln (Source: Ghosh S. K.,et al, 2022)

Figure 2. Photographs of a Waste dump site; b Agricultural Wastes; c Tyre Wastes, d Hazardous Wastes. Potential
feedstock for RDF/co-processing facility (Source: Ghosh S. K.,et al, 2022)
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The regulatory framework for co-processing and their subsequent amendments have been established in several
countries, namely European countries, Australia, Brazil, China, India, Japan, South Africa, and United States.
In India more than 60 cement plants all over the country are involved in coprocessing of wastes for production
of cement contribution to nearly 100 % utilisation of wastes. The cement kilns in Austria and Germany manage
over 70% of their fuel requirement derived from coprocessing AFRs. Almost entire quantum of organic
hazardous waste generated in Norway is co-processed in the cement kilns. Cement kiln co-processing
technology has the advantage that barring a few waste materials which are termed as “banned items”, most of
all the possible waste materials can be co-processed in a sustainable manner with 100% material recovery and
100% energy recovery. Figure 3. Shows the Cement kiln features and material feed points for co-processing.

Figure 3. Cement kiln features and material feed points for co-processing (Source: Ghosh, S. K., et al, 2022)

To be more specific, research on co-processing and associated publications is found concentrated mainly in
Austria, China, Germany, India, Japan, and Norway. The understanding of co-processing technology is found
to be very limited within the stakeholders involved in various aspects, namely a) the implementation of the
policy framework, b) design and engineering of the waste processing facilities to suit the co-processing
operation, c) environmental consideration in implementing co-processing, and d) operation and management
of the cement plant, quality and parameter controls, safety, etc. A huge potential of co- processing of waste
exists worldwide. The stronger national legislation will make the co-processing widening the scopes in the
countries.

5. CONCLUSION
Coprocessing of waste in cement plants is one of the most sustainable material and energy recovery processes.
Hence more interest by different nations should take interest in this process. In India coprocessing is now taken
as one of the best options of waste treatment and disposal.
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Composition and Characteristics of Excavated
Materials from a Legacy Waste
Dumpsite:Potential of Landfill Biomining
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Abstract
Landfill biomining (LFBM) has been proposed as an eco-friendly and feasible solution for the
reclamation of legacy waste dumpsites as well as the subsequent recovery of valuable resources and land
value spaces. Despite these advantages, the potential of LFBM faces a significant challenge due to the
composition, characteristics and end-use of the excavated materials. This paper assesses the plausible
characteristics of mined legacy waste from an open dumpsite and identifies possible valorization options
of the segregated waste through average compositional analysis into three major fractions, i.e.,
combustible, non-combustible and fine fraction (FF). The combustible fraction accounts for
approximately 28% of the total waste, followed by the non-combustible fraction (~18%). More than half
(approximately 54%) of the excavated wastes contain FF. Further characterization of the different
fractions was made to understand their possible utilization routes and valorization potential. The gross
calorific value for the combustible fraction was found to vary from 12.1−18.4 MJ/kg on dry basis and
indicates its suitability to be used as refuse-derived fuel (RDF). For non-combustible fractions, material
valorization might be possible after proper pre-treatment, such as cleaning and sizing. The elevated
amount of organic content and higher heavy metal concentration in FF inhibit its unrestricted bulk reuse.
The findings from this study emphasize the significance of appropriate waste characterization in the
LFBM project to plan the most appropriate valorization options and recovery routes for the segregated
waste.
Keywords: Legacy waste, Dumpsites, Landfill biomining, Valorization, Recovery routes

1. INTRODUCTION
Open dumping of municipal solid waste (MSW) has been practised as a prevalent waste disposal method in
most developing countries. It thrives because of the lack of appropriate technology, financial and human
resources, coupled with the insufficient political will to improve the existing waste disposal practices. It has
been reported that more than 90% of the MSW is disposed at open dumpsites in India and other developing
countries [1]. As a result, the existing dumpsites in urban India are overloaded with the heap of an extensive
amount of legacy waste. These legacy waste dumpsites often lack the necessary facilities and control
measures to safely manage the gaseous and liquid by-products of waste decomposition [2]. It not only leads
to human exposure to toxic chemicals via all three medium matrixes (i.e., air, water, and soil) but also causes
significant pollution of these medium matrixes [3].
*
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To accommodate the increased population, Indian cities are expanded in such a way that waste disposal sites
have become part of the city and emerged as one of the major concerns not only for environmental impacts
and public health but also for the aesthetic beauty of the city [4]. Moreover, the landfill space requirement has
increased for the disposal of the MSW and owing to this factor, the carrying capacity of the urban land leads
to sustainability issues [5]. It has been reported that more than 10,000 hectares of urban land are blocked by
legacy waste dumpsites [6]. As a result, urban local bodies and municipal corporations are under pressure for
the safe disposal of MSW. Considering the matter of sanitation seriously, the Government of India has
launched Swachh Bharat Mission (SBM) to improve the health and safety of the population. An integral part
of this mission is to clean up abandoned dump sites through landfill biomining (also referred to as landfill
mining in other studies). The LFBM process involves excavation, stabilization and screening of dumped
waste into different recoverable fractions. With the help of LFBM potential, legacy waste dumpsites can be
retrofitted with sanitary infrastructure to mitigate environmental hazards. In addition, the freed-up area could
be used to construct an integrated solid waste management facility to handle both the existing and the
forthcoming waste. One of the most common and crucial aspects of LFBM research is the composition and
characteristics of excavated waste [7,8]. In-depth knowledge of landfilled waste is required to recover
secondary resources [9]. Previous studies on LFBM have shown that, due to variations in the composition and
characteristics of landfilled waste, the potential valorization routes vary widely from landfill to landfill [1012]. Most waste characterization studies first screen the waste based on size and then manually or
mechanically sort the coarse particle into categories like plastic, paper, textile, wood, metal, glass, and inert.
Apart from size-based categorization, the physicochemical characteristics of each fraction are necessary to
evaluate the potential of energy and material recovery from the lying resources.
This article presents the initial assessment result on the composition and physicochemical characteristics of
excavated waste from an LFBM project at Boragaon dumpsite in North-East India. The study also determines
the valorization potential and possible utilization routes of the recovered streams based on the initial
evaluation and the existing literature. However, in-depth analysis and modelling are necessary to understand
the potential of a full-scale LFBM project.

2. MATERIALS AND METHODS
2.1. Study Area
The dumpsite selected for the present case study is located at Boragaon (26°7'48" N,91°39'36"E), near
Guwahati city, in the Assam state of India. It has a land area of approximately (1 × 105) square meters and
consists of different waste fill heaps with filling heights varying from 3-3.5 m above the ground level, as
shown in Figure 1 [13]. The non-segregated MSW collected by the city municipal corporation was dumped at
the site since 2004. According to the information provided by the municipal authorities, approximately 17
lakhs tonne of legacy waste is currently present at the site and distributed among those waste fill heaps. Waste
disposal years for the selected heaps were as follows: Heap 1– 2004 to 2008 (HP 1), Heap 2 – 2009 to 2012
(HP 2), Heap 3 – 2013 to 2015 (HP 3), Heap 4 – 2016 to 2019 (HP 4).

N
HP 1

India
HP 2
HP 3
HP 4

Assam

Boragaon Dumpsite

Figure 1. Map of the study area with marked heap locations (Source: Satellite image from Google Earth Pro, 2022).
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2.2. Compositional Analysis

During the LFBM operation, waste fill heaps were excavated using hydraulic excavator, followed by onsite
trommel screening and segregation of the excavated waste into three major fractions, i.e., combustible, noncombustible and fine fraction (Figure 2). For compositional analysis, the mass of the excavated material feed
into the trommel screen and the mass of the screened and segregated waste were measured during every batch
of processing for three batches. Subsequently, the composition of the screened fractions was further manually
segregated into different subfractions, and the weight was determined. Since the FF is predominantly
composed of degraded organic matter and cannot be separated manually, it was not separated into different
streams. After hand sorting, representative samples of different subfractions and FF were collected in airtight
polyethene bag to determine the selected physicochemical characteristics. The samples were stored in the
laboratory at 4°C before analysis.

Figure 2. Onsite screening and segregation of the excavated waste.

2.3. Physicochemical Characterization
The physicochemical characterization of subsamples was carried out to understand the energy recovery from
combustible fractions and waste-to-material valorization options for FF. To evaluate the fuel characteristics
of the combustible fraction, moisture content and calorific value were measured following the standard
procedure. The moisture content was determined by drying a portion of the subsample to a constant mass at
70 ± 2 °C in a hot air oven. An automated bomb calorimeter was used to determine the calorific values, and
the results were expressed in MJ/kg. The organic content of the FF was determined by heating about 100g of
dried sample in a muffle furnace at 550 (±50 °C) for 1 h. The percentage of organic material was then
calculated by comparing the weight of the original dried sample to that after heating. To evaluate the
preliminary environmental properties and possible utilization options for the FF, a batch leaching test was
conducted according to EN 12457-2 (CEN, 2002). The eluates of the leaching test were analyzed for Cr, As,
Mn, Zn, Cu and Al by atomic absorbance spectroscopy (AAS).

3. RESULTS AND DISCUSSION
3.1. Composition of Excavated Waste
One of the key factors in studying the resource potential of an abandoned dumpsite being economically
feasible for LFBM is to study the composition of the excavated waste materials. However, the waste
composition may change depending on factors like local laws, recycling programmes, waste management
techniques, population density, economic status, and cultural norms [12].
An overview of the average composition of the excavated waste from four legacy waste heaps is presented in
Figure 3. To better understand resource potential and possible recovery routes, the excavated waste is
categorized into three major fractions: 1) Combustible fraction, 2) Non-combustible fraction, and 3) Fine
fraction.
The combustible fraction accounts for ∼28% of the total waste and mainly constitutes plastic (23%) as the
highest proportion, followed by wood (∼3%) and rubber (~1%) and textile (<1%). Less amount of the
combustible constituents suggests the stabilized status of the excavated waste from the dumpsite [14]. Due to
the absence of daily cover at the dumpsite, food and other biodegradable waste degrade fast after dumping
[15].
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The average non-combustible fraction constitutes approximately 18% of total excavated waste, and the most
dominant portion is stones (~8%), followed by glass (~5%), ceramics (~4%) and metals (<1%). The
negligible percentage of metals in the excavated waste may be due to a very efficient traditional (informal)
collection system from households by waste collectors, often locally called ‘Kabadiwalas’ [16]. Moreover,
the dumpsites are opened to rag pickers for the collection of recyclable materials at the early stage of
dumping.
More than half (approximately 54%) of the excavated wastes contain FF. Due to their quantity, composition
and characteristics, the potential of LFBM operation largely depends on its end-term utility [10,11]. As
material and energy recovery are restricted to coarse fractions, the FFs are often re-directed to the landfill
with or without pre-treatment [17]. But it makes the LFBM project economically unfeasible. For a successful
LFBM project, valorization of the excavated fine material is necessary.

Plastic

23%

Rubber

Wood
1%
3%

54 %
5%

Textile
Glass
Stones

0.92%

Metals
Ceramics

8%
4%

Fine Fraction

0.87%

Figure 3. Overall composition of excavated waste.

3.2. Physical and Chemical Characteristics
To study the potential of the LFBM project, it is important to consider a wide range of physical and chemical
properties of the excavated waste. However, time and resource constraints necessitate a reduction in the
number of characteristics measured and the number of samples analyzed. The choice of the physicochemical
characteristics in the present study is to understand the possible reuse, recycling, treatment and valorization
options for segregated waste.

3.2.1. Moisture Content and Calorific Value of Combustible Fraction
The moisture content plays an important role when considering the recycling of wastes to produce energy
through biological or thermal methods and material processing [18]. Previous studies show that moisture
content did not impede the processability of the excavated waste, but it could affect the processing efficiency
[11]. The moisture content of the combustible fraction from different waste filling heaps is deduced in Table
1. It can be observed that the average moisture content was found to vary between 22.1% to 36.5%. Further,
the moisture content was found to be least at HP 1, while at HP 4, the moisture content was highest. It was
also observed that in the raw state (i.e. in the presence of moisture), fine particles (mainly <1 mm) of organic
and inorganic matter were attached to the surface of the combustible fractions (known as surface defilements
or impurities). Hence, measures must be considered when assessing the valorization and thermal treatment
process. Some studies have recurred to the cleaning and drying of combustible fractions for better results as
RDF in incineration plants [19].
Waste-to-energy conversion is the most favoured application for the combustible fraction. To investigate this,
analytical samples were prepared by combining the sorted and dried energetic components of the sample from
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each heap. However, in order to more accurately simulate the current field practices, no preliminary cleaning
was conducted. The gross calorific value of mixed waste was found to vary between 12.1 to 18.4 MJ/kg on a
dry basis (Table 1). For solid waste incineration units, RDF samples with a calorific value of more than
6.3MJ/kg are recommended to be used as fuel as per the Solid Waste Management (SWM) 2016 rules of the
Government of India. In the present study, all samples prepared from four heaps have shown sufficient
calorific value to be used as RDF in a mass burn incineration facility. An increase in the calorific value of
RDF samples can be achieved through proper sorting and pre-cleaning of recovered waste. However, pretreatment system development is labour and resource intensive and requires specialized personnel in the field
of waste segregation.
Table 1. Moisture content and gross calorific value of the combustible fraction (Mean ± standard deviations, n = 3).
Samples Location

Moisture Content (%)

Gross Calorific Value (MJ/kg)

HP1

22.1 ± 0.3

18.4 ± 0.2

HP2

24.6 ± 0.7

16.9 ± 0.5

HP3

27.8 ± 0.4

13.8 ± 0.7

HP4

36.5 ± 0.6

12.1 ± 0.4

3.2.2. Moisture Content and Organic Content in FF
Moisture and organic content are the two highly interconnected parameters influencing the processing routes
and possible end-uses of the FF. The results of moisture content and organic content in FF from various heaps
are shown in Table 2. The moisture content in FF was found to vary between 29.36% to 34.39%, with the
least value at HP 1 and the highest value at HP 4, whereas the organic content was found to vary between
18.81% to 22.76 %, with the least value at HP1 and highest value at HP 4. Although the organic content in FF
is not a contaminant, this parameter is used to determine whether the FF should be processed for material
recovery or suitable for re-landfilling [17]. For example, if the organic matter in FF is high, it can cause longterm creep settlement in earthworks, as reported in previous studies [20]. As per the Indian standard code for
road construction, the upper limit of organic content for soil to be used as subgrade material should not be
more than 1–3 % [21,22].
Table 2. Moisture and organic content in FF (Mean ± standard deviations, n = 3).
Samples Location

Moisture Content (%)

Organic content (%)

HP1

29.36 ± 1.89

18.81 ± 1.26

HP2

30.62 ± 1.42

19.14 ± 1.85

HP3

32.68 ± 1.31

20.48 ± 1.58

HP4

34.39 ± 1.55

22.76 ± 1.15

3.2.3. Leachable Heavy Metals from FF Under Standard Batch Leaching Test
The European Standard EN 12457-2 is a compliance test that provides information on the leaching of
granular waste materials and sludges in normal water under experimental conditions to classify waste
materials according to European criteria as well as to evaluate their valorization feasibility. The results of
leachable heavy metals from the EN 12457–2 batch leaching test are shown in Table 3 and compared with the
regulatory threshold limits of the European Union (EU) council decision (2003/33/EC) and the German
technical bulletin (LAGA M20). According to the EU regulations, the analysis of leachate composition is
essential to estimate the acceptability as well as recycling possibilities of waste materials like the FF. From
Table 3, it can be noted that all FF samples are under the non-hazardous category as Cr content exceeded the
inert limit value. This implies that the unrestricted reuse of FF may increase the Cr levels in the soil and
groundwater beneath a thick earth-fill of FF if precipitation percolates through the body of the fill.
The German technical bulletin LAGA M20 is used to evaluate the environmental aspects of the FFs for use as
earth fills material. However, this standard has not been established for materials from landfill mining. The
LAGA M20 distinguishes four classes for the reuse of waste materials: Z0 = no restriction at all, Z1.1 = no
sealing is required to prevent groundwater pollution, Z1.2 = cohesive soil layer is required between recycled
material and groundwater, Z2 = sealing of the surface. On comparing the results with LAGA M20, it was
observed that the FF could not be used directly under any class mentioned in the standard due to significantly
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higher levels of chromium. The concentration of copper and zinc was also found to exceed the Z 1.1 class for
all FF samples.
Table 3. Leaching of heavy metals from FF in comparison with the regulatory levels (Mean ± standard deviations, n = 3).
Samples Location

Cr
(µg/L)

As
(µg/L)

Mn
(µg/L)

Zn
(µg/L)

Cu
(µg/L)

Al
(mg/L)

HP1

143 ± 2.83

BDL

130 ± 4.95

228 ± 1.56

118 ± 1.35

16.6 ± 0.65

HP2

169 ± 3.61

BDL

157 ± 1.41

257 ± 1.84

129 ± 7.15

23.3 ± 0.63

HP3

179 ± 7.09

BDL

195 ± 6.36

311 ± 2.62

138 ± 1.55

25.5 ± 0.6

HP4

242 ± 2.83

BDL

252 ± 4.14

392 ± 6.17

144 ± 6.39

27.4 ± 0.84

Inert

50

50

NSE

400

200

NSE

Non-hazardous

1000

200

NSE

5000

5000

NSE

Hazardous

7000

2500

NSE

20000

10000

NSE

Z0

15

10

NSE

100

50

NSE

Z1.1

30

10

NSE

100

50

NSE

Z1.2

75

40

NSE

300

150

NSE

Z2

100

50

NSE

400

200

NSE

Regulatory levels
2003/33/EC

LAGA M20

NSE: No standard established. BDL: Below detection limit

4. Valorization Options
The excavated waste can have different applications, and the most favourable option depends on its
physicochemical characteristics. Critical issues may occur due to the unavailability of appropriate technology
and necessary infrastructure. The most feasible utilization of the combustible fraction could be in waste to
energy plant. One of the significant fractions observed in the segregated waste is crushed stones, glass and
ceramics. These fractions can be utilized in the construction sector after proper pre-treatment, i.e., cleaning
and sizing. Previous studies suggested that if effective separation of material is possible in the waste-tomaterial facility, then the fraction like crushed stones, glass, ceramics, and other inert material can be
recycled [12].
Among the various product investigated in the excavated waste, the FF is the predominant one. Typically,
the main reuse for reclaimed FF has been reported in the onsite application as daily or intermediate cover
material at the landfill site itself [9,14]. However, after proper treatment, off-site application of FF is also
possible. As a sustainable option, FF can be used as earth-fill material in infrastructure development projects
such as road and rail embankments, filling low-lying areas and old quarry sites for land reclamation. Thus, it
can help to reduce the use of good earth for green development. However, the concerns in such applications
are long-term creep settlements due to high organic content and the release of toxic leachate, which may
contaminate shallow groundwater aquifers [16]. Another important usage of FF might be as construction
material in terms of fired or geopolymer bricks or aggregates. The FF often exhibits soil-like properties with
rich nutrient content. Hence, it can be utilized as compost or biofertilizer or soil enricher. However, due to the
presence of elevated amounts of heavy metals, the direct use of FF as compost in agricultural applications is
not feasible. But, non-agricultural applications of FF, such as in eco forestry, parks, and non-edible crops, can
enhance the vegetative growth on the original soil.

5. CONCLUSION
This paper provides an overview of the composition and selected characteristics of excavated waste from a
legacy waste dumpsite during LFBM operation. The compositional analysis results reveal that more than 50%
of the excavated material consists of FF and the remaining fraction consists of combustible and noncombustible materials. An initial evaluation of the physicochemical characteristics of the combustible and FF
was carried out to understand their valorization potential. The most appropriate valorization route for the
combustible fraction is to utilize them as RDF in a waste-to-energy plant. For non-combustible fractions,
material valorization depends on the adequate separation of individual components. The elevated amount of
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organic matter and high concentrations of heavy metals in the leachate of the FF limit its unrestricted use as
earth-fills material. For bulk reuse, some design measures and treatment methods in terms of blending with
local soil, washing, biological treatment, thermal treatment, liner system etc., can be adopted.
Based on the results of this study, it can be said that the information on waste composition and characteristics
is essential to determine whether or not valorization and recovery of the excavated waste is possible. Apart
from resource recovery from the dumped waste, if the purpose is also to remediate the legacy waste dump
sites and reclaim the land, then LFBM is not far from cleaning a potentially contaminated area, freeing up the
contaminated masses and creating new space with high value and new possibilities, which often is considered
as a very expensive operation.
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The Future of Solid Waste Management in
Smart Cities
Kâmil B. Varınca1
Abstract
In today's world where everything is getting smarter, cities have started to get smarter. Over the past two
decades, “smart cities” have proliferated around the globe as a way to build more efficient and liveable
urban environments. In smart cities, environmental management and solid waste management will differ,
like all other things.
The concept of smart city is not only related to municipal services, but also to monitor and manage many
different services such as public services, waste management, houses, buildings, traffic systems,
transportation systems, water networks, crime detection systems, hospitals, schools, and libraries. In
addition to obtaining data from devices, it also analyzes it by obtaining it from citizens when necessary.
It has been the goal of smart cities to develop solutions for Water Management, Waste Management,
Green City, Clean Air, Climate Change, Land Management, Protected Areas Management Noiseless and
Clean Environment and Environmental Management and to create a sustainable environment and natural
resource. Smart cities aim to improve the quality of life of everyone living in the city by taking advantage
of the communication and sensor capabilities added to the infrastructures of cities to optimize the
electricity, transportation and other logistics processes that support daily life.
In this study, waste management, which is a sub-title of the smart environment component within the
concept of smart city, and the future vision of waste management within the current targets are
emphasized. First, the smart city was described, and then the targets for waste management were focused
on in national and international strategy and policy documents. Finally, by giving examples of waste
management technology and applications in smart cities, the future that awaits us is tried to be
envisioned.
Keywords: Smart city, smart environment, waste management

1. INTRODUCTION
Throughout the history of humanity, human beings have both used and consumed the natural resources in the
world and produced waste as a result of human and industrial activities.
Waste is defined as “any substance that is generated as a result of any activity, thrown or released into the
environment” in accordance with the Environmental Law in Türkiye. [1]
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In the past, while the number of people in the world was small and scattered and active due to the nomadic
life, life was simple and in harmony with nature, the amount of waste was accordingly low in quantity and
easy and fast to dispose of in terms of content. However, as the number of people living together in the cities
that emerged with the settled life increased, the amount of waste increased with it. Especially with the
industrial revolution, after the manufacture of synthetic products, the content of wastes has also changed, and
wastes that are more difficult to decompose and difficult to dispose of have occurred. Along with
urbanization, it has become necessary to manage wastes within a plan and program.
Cities, which are places where people live together, have to respond to many other needs of their residents,
such as shelter, security, transportation, health, environment, education, communication, and to meet these
services in a quality and sustainable way, with their infrastructure and superstructure. However, increasing
urbanization causes the population living in cities to increase day by day and the growth of cities, which
ultimately causes many environmental, economic, social and spatial difficulties and complicates the
management of cities. In order to sustain this life and sustainability, new management approaches, different
perspectives, strategies and policies are needed. Today, such new approaches are gathered under the concept
of smart city. The aim in smart cities of the future is to try to find solutions to the difficulties and problems
that are trying to be explained here. Developing solutions for waste management and trying to create a
sustainable environment is a goal of smart cities.
In this study, waste management, which is a sub-title of the smart environment component within the concept
of smart city, and the future vision of waste management within the current targets are emphasized. First, the
smart city was described, and then the targets for waste management were focused on in national and
international strategy and policy documents. Finally, by giving examples of waste management technology
and applications in smart cities, the future that awaits us is tried to be envisioned.

2. WASTE MANAGEMENT
Waste management according to the Waste Management Regulation; “prevention of waste, reduction at its
source, reuse, separation according to its characteristics and type, accumulation, collection, temporary
storage, transportation, intermediate storage, recycling, recovery including energy recovery, disposal,
monitoring, control and inspection activities after disposal processes” expresses. In Türkiye, wastes are
managed according to the waste management hierarchy expressed in this Regulation, which is also accepted
by the European Union. The waste management hierarchy is schematized in Figure 1. [2]
Waste prevention

Waste reduction

Reuse

Recycling

Recovery

Disposal
Figure 1. Waste management hierarchy [2]

The waste management hierarchy schematized in Figure 1 is in the form of an inverted pyramid and
progresses from top to bottom. This means; the amount of waste processed or prevented decreases as it moves
from top to bottom. It also means that priority and importance decrease downwards.

3. SMART CITY
The concept of Smart City describes a dynamic, not static, governance approach for the future of cities. This
concept; It addresses the guiding issues that can help present different dynamic city visions in more efficient,
effective and sustainable ways for future cities, which will address the innovative use of technology and data
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with an organizational structural change, and aims to transform the governance that cities have traditionally
used.
In traditional city governance, there is a model in which there are different service providers for each service,
each service provider works in its own service area, determines its own rules, progresses in its own channel,
and users interact with these service providers separately for each service. Smart cities, on the other hand,
represent a system that prioritizes innovation and works together.
The concept of smart city has many definitions, which are shaped on the basis of the current situation, needs
and expectations of those who define it, and reflect the perspective and approach of each. Some important
examples of these can be given as follows.
United Nations Economic Commission for Europe (UNECE) and The International Telecommunication
Union (ITU) define the smart sustainable city as “A smart sustainable city is an innovative city that uses
information and communication technologies (ICTs) and other means to improve quality of life, efficiency of
urban operation and services, and competitiveness, while ensuring that it meets the needs of present and
future generations with respect to economic, social, cultural and environmental aspects”. [3]
According to ISO 37122, smart city is that “city that increases the pace at which it provides social, economic
and environmental sustainability outcomes and responds to challenges such as climate change, rapid
population growth, and political and economic instability by fundamentally improving how it engages
society, applies collaborative leadership methods, works across disciplines and city systems, and uses data
information and modern technologies to deliver better services and quality of life to those in the city
(residents, businesses, visitors), now and for the foreseeable future, without unfair disadvantage of others or
degradation of the natural environment”. [4]
According to a report published in the European Parliament, smart city is defined as “a city seeking to
address public issues via ICT-based solutions on the basis of a multi-stakeholder, municipally based
partnership”. [5]
In Türkiye, within the scope of 2020-2023 National Smart Cities Strategy and Action Plan, the term “Smart
City” has been described as “more livable and sustainable cities that are brought into being with the interstakeholder collaboration, utilizing emerging technologies and innovative approaches, providing justification
based on data and specialty, and producing solutions adding value to our lives by predicting the future
problems and needs”. [6]

3.1. Smart City Components
As a complex concept, the term “Smart City” needs to be addressed structurally. Not only are there various
definitions of this term, there are also various approaches within the scope of standard, maturity assessment
model, index and architecture studies concerning the conceptual structure of Smart City. Some important
examples of these can be given as follows.
Within the scope of UNECE/ITU Smart Sustainable City Indicators, 18 development areas have been defined
under 3 basic components: Under the first of these, Economy component, ICT infrastructure, Innovation,
Employment, Trade (sub-topics: e-Commerce and export/import), Productivity, Physical infrastructure (subtopics: piped water, health, electricity, transport, and buildings) were defined. Environment, including the
following topics: Air quality, Water, Noise, Environmental quality, Biodiversity, Energy. Society, including
the following topics: Education, Health, Safety (sub-topics: disaster relief, emergency, and ICT), Housing,
Culture, Social inclusion. [3]
Within the scope of the ISO 37122 Sustainable cities and communities - Indicators for smart cities standard,
there are indicators under 19 Smart Components. These components are Economy, Education, Energy,
Environment and climate change, Finance, Governance, Health, Housing, Population and social conditions,
Recreation, Safety, Solid waste, Sport and culture, Telecommunication, Transportation, Urban/local
agriculture and food security, Urban planning, Wastewater, and Water. [4]
There are 6 basic components in the structure used by the European Parliament. These components are Smart
economy, Smart mobility, Smart environment, Smart people, Smart living, and Smart governance. [5]
Smart City Structure has been addressed under two main headings within the scope of Türkiye 2020-2023
National Smart Cities Strategy and Action Plan, which are “Smart City Management” and “Smart City
Applications”. The competences of Smart City Management and Smart City Applications included in Smart
City Structure, along with the Smart City Components defined under these competences are given Table 1.
[6]
As can be seen from Table 1, there are 16 Smart City components in Smart City Applications in Türkiye
2020-2023 National Smart Cities Strategy and Action Plan. One of these components is the Smart
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Environment. Smart Environment; It is defined as ensuring the sustainability of the environment and nature
by protecting the natural assets of the city with the management of waste, air, water, soil, combating climate
change with the support of Information and Communication Technologies, and environmental management
taking into account green city planning. Waste management is also a sub-topic of the 'smart environment'
component. [6]
Table 1. Türkiye 2020-2023 National Smart Cities Strategy and Action Plan Smart City Structure [6]
Smart City Management

Smart City Applications

1.

Governance

1.

Smart Environment

2.

Strategy Management

2.

Smart Security

3.

Policy Management

3.

Smart Resident

4.

Integrated Service Management

4.

Smart Building

5.

Work management

5.

Smart Economy

6.

Smart Spatial Management

7.

Smart Health

8.

Smart Governance

9.

Information Technologies

10.

Smart Transportation

11.

Smart Energy

12.

Communication Technologies

13.

Information Security

14.

Smart Infrastructure

15.

Natural Disaster and Emergency Management

16.

Geographic Information Systems

4. FUTURE TARGETS OF WASTE MANAGEMENT
The future waste management vision will only emerge as a result of the strategies and policies put forward
today and the plans and programs to realize them. Therefore, in order to make sense of how the future waste
management will be shaped, it is necessary to examine the future strategies and policies made today and to
review the plans and programs. In this context, some of the actions and targets in the strategy and policy
documents, plans and programs on the future of waste management within the concept of smart city and
smart environment are given below.

4.1. Sustainable Development Goals (SDGs)
On September 25, 2015, a resolution titled “Transforming our world: the 2030 Agenda for Sustainable
Development” was adopted at the United Nations General Assembly, numbered A/RES/70/1. The decision is
an action plan and includes the Sustainable Development Goals and Targets determined in it. There are 17
Sustainable Development Goals (SDGs) and there are 169 targets in total. [7]
The 11th of the Sustainable Development Goals is “Sustainable Cities and Communities”, which aims to
make cities and human settlements inclusive, safe, resilient and sustainable. This goal has 11 targets and the
6th goal is to reduce the environmental impacts of cities. This target includes by 2030, reduce the adverse per
capita environmental impact of cities, including by paying special attention to air quality and municipal and
other waste management. “Proportion of municipal solid waste collected and managed in controlled facilities
out of total municipal waste generated, by cities” and “Annual mean levels of fine particulate matter (e.g.
PM2.5 and PM10) in cities (population weighted)” were determined as indicators of this target. [8]

4.2. International Organization for Standardization (ISO) Standards
The International Organization for Standardization (ISO) also establishes committees and issues standards
with the focus of Sustainable Development Goals (SDGs). The ISO/TC 268 Sustainable Cities and
Communities Technical Committee within ISO aims to improve the responsible use of resources, protect the
environment and improve the well-being of citizens and publishes the ISO 37100 standard series on
sustainable cities. [9]
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4.3. Republic of Türkiye Eleventh Development Plan

The Eleventh Development Plan of the Republic of Türkiye, covering the years 2019-2023, was approved by
the Turkish Grand National Assembly (TBMM) on 18/07/2019 and entered into force by being published in
the Official Gazette dated 23/07/2019 and numbered 30840 (Repeated). [10]
Plan consists of five basic axes: "Stable and Strong Economy", "Competitive Production and Efficiency",
"Qualified People, Strong Society", "Liveable Cities, Sustainable Environment" and "State of Law,
Democratization and Good Governance". [10]
Under the axis of “Liveable Cities, Sustainable Environment”, targets and policies aimed at protecting the
environment, improving the quality of life in cities and rural areas and reducing interregional development
disparities in parallel with increasing economic and social benefits are included. Under this axis, the
environment is concentrated under the title of “protection of the environment”. According to this; The main
objective is to protect the environment and natural resources, to improve their quality, to ensure effective,
integrated and sustainable management, to implement environmentally and climate-friendly practices in all
areas, and to increase environmental awareness and sensitivity of all segments of society. For this purpose,
there are many evaluations and actions on the smart city and the environment within the plan. [10]
In the Eleventh Development Plan; waste reduction, separation at source, separate collection, transportation,
recovery, disposal phases and rehabilitation of irregular/wild dump sites as a whole, technically and
financially; development of implementation tools, especially public and private sector cooperation, in order to
ensure resource efficiency and environmental responsibility in solid waste management; raising public
awareness on waste recycling; Zero Waste Project, Solid Waste Program and policies regarding the
dissemination of waste collection system are included. With this; The Plan also includes policies to support
the recovery and disposal facility projects of domestic solid wastes and transfer station projects, which local
governments with insufficient financial power have difficulty in financing, and to give priority to the issue of
industrial symbiosis. [10]
In the plan, the targets related to waste management are given within the urban infrastructure targets, and
accordingly, the targets for 2023 waste management are as given in Table 2. [10]
Table 2. Urban infrastructure targets for 2023 waste management within the scope of the Eleventh Development Plan of
the Republic of Türkiye [10]
Target indicator

2023
target

Ratio of Municipality Population Served by Sewerage Network to Total Municipality Population (%)
Ratio of Municipality Population Served by Wastewater Treatment Plant to Total Municipality Population (%)

95
100

Reuse Rate of Treated Wastewater (%)

5

Recovery Rate of Waste in the Scope of the Zero Waste Project (%)
Number of Buildings with Zero Waste Program (Thousand)

35
400

Percentage of Municipality Population Provided with Landfill Services (%)

100

4.4. European Union (EU) Integrated Environmental Adaptation Strategy)
European Union (EU) Integrated Environmental Adaptation Strategy (2007-2023), It was published by the
Republic of Türkiye Ministry of Environment and Forestry in 2006. Strategy provides detailed information on
the technical and institutional infrastructure, mandatory environmental improvements and regulations that
will be needed to ensure full harmonization with the EU environmental acquis and effective implementation
of the legislation, which is a prerequisite for Türkiye's accession to the EU. In this context, policies are
included in the sectors and subjects of water, waste, air, industrial pollution control, noise, chemicals and
genetically modified organisms, nature protection, environmental impact assessment. [11]
Within the strategy document, various targets and strategies have been determined under 5 objectives. These
goals are as follows. [11]
•

Goal 1: Solid waste generation will be reduced.

•

Goal 2: Measures will be taken to ensure the recovery and regular storage of solid wastes by using
appropriate methods.

•

Goal 3: Measures will be taken regarding the management of packaging and packaging waste,
taking into account the competition conditions within the community and the requirements of the
domestic market.

•

Goal 4: Hazardous wastes will be managed.
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•

Goal 5: The management of medical and special wastes will be ensured.

4.5. Türkiye Ulusal Atık Yönetimi ve Eylem Planı
By the Republic of Türkiye Ministry of Environment and Urbanization, within the framework of the principle
of sustainability, developing strategies and legislation, minimizing waste at source, classifying, collecting,
transporting, temporary storage, recycling, disposal, reuse, purification, conversion into energy, taking into
account international norms and national priorities National Waste Management and Action Plan covering the
years 2016-2023 has been prepared and published within the framework of the responsibility of determining
policy and strategy on the issues of storage and final storage. In this Action Plan, information is given about
the studies on Waste Management Planning, Waste Management Systems, Economic Tools Used in Waste
Management, and Investment Need for Planned Waste Management Activities. [12]
With the National Waste Management and Action Plan, recovery, pre-treatment, intermediate storage and
disposal methods for all waste types for waste management activities planned to be carried out until 2023 are
determined regionally, including capacity, location and time information for needed facility investments, As a
result of the plan, which will also serve as a guide for overall investment and operating costs, the need for
public investment is expected to be between €2 and €3 billion, depending on the choice of technology. [12]
It has been stated that with the policies and practices put forward within the framework of the National Waste
Management and Action Plan, Türkiye will have a better organized, integrated and strong institutionalized
waste management system, as well as providing the public with the opportunity to live in a healthier and
cleaner environment. In this context, it is the most important document regarding Türkiye's future waste
management approach. [12]

4.6. Türkiye National Smart Cities Strategy and Action Plan
In order to gain the ability to work together by bringing a holistic view to smart city policies at the national
level in Türkiye, to ensure that investments are implemented with the right projects and activities by
prioritizing investments in line with the determined policies, 2020-2023 National Smart Cities Strategy and
Action Plan, which takes into account national needs and priorities holistically, was prepared and entered into
force by being published in the Official Gazette dated 24 December 2019 and numbered 30988 with the
Presidential Circular No. 2019/29. Plan is Türkiye's first and the world's fourth Smart City strategy and action
plan, together with the Netherlands, Austria, Hong Kong and the USA. [6]
It is expected that the 2020-2023 National Smart Cities Strategy and Action Plan will guide Türkiye's Smart
City transformation and accelerate its social, economic and environmental development. With the strategy
focused on “Effective and Sustainable Smart City Governance” and “Competent and Productive Smart City
Ecosystem”, “Liveable and Sustainable Cities Adding Value to Life” has been determined as the vision, and in
line with this vision, 4 strategic goals, 9 goals and 40 actions have been determined. Of course, the successful
implementation of this strategy and action plan will only be possible with the active participation and support
of all ecosystem stakeholders. [6]
With the 2020-2023 National Smart Cities Strategy and Action Plan, Türkiye's Smart City vision, core values,
strategic objectives and targets have been defined, and priority actions have been determined to realize
Türkiye's Smart City strategies and targets for the 2020-2023 period.
One of the 40 actions included in the Türkiye 2020-2023 National Smart Cities Strategy and Action Plan is
“The Maturity of 15.2 Smart Environment Component Will Be Enhanced”. Within the scope of this action,
“In order to increase the maturity of the Smart Environment component determined by the Smart City
Maturity Assessment practices in ensuring the Smart City transformation of cities by making use of the Smart
City Technology Portfolio and the National Smart City Solution Portfolio; waste, air, water, land, effective
fight against climate change and management of protected assets, ensuring the sustainability of the
environment and nature, and environmental management by taking into account green city planning. [6]
In order to determine whether the planned goals and targets for the components in smart cities can be
achieved, measurement and evaluation should also be made. In this context, performance indicators should be
determined and these indicators should be followed. The performance indicators for the strategies regarding
wastes within the framework of the Smart Environment component in the Türkiye 2020-2023 National Smart
Cities Strategy and Action Plan have been determined as follows. [6]
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•

Waste recovery (tonnes)

•

Increased use of non-recyclable solid waste to obtain energy

•

Increased recycling of hazardous waste

•

Percentage of treatment of urban wastewater (%)

•

The Future of Solid Waste Management in Smart Cities
Kâmil B. Varınca
Total amount of purified water per person (liter/day)

•

Percentage of rehabilitated contaminated site

•

Reduction in the amount of pollutants released into the atmosphere from the chimneys in the
facilities

•

Increasing situation of separate collection of waste at the source

•

The increase in the percentage of the population served by the waste water treatment plant service

•

Increase in the percentage of urban wastewater treated with primary treatment

•

The increase in the percentage of the city population provided with regular solid waste collection
services.

•

The decrease in the total amount of solid waste collected per capita

•

Reduction of Fine Particulate Matter Concentration (PM2.5)

•

Decreased Particulate Matter Concentration (PM10)

•

Reduction of greenhouse gas emissions measured in tonnes per capita

•

Measurement status of the percentage of urban wastewater treated by secondary treatment

•

The increase in the percentage of urban wastewater treated by secondary treatment

•

Measurement status of the percentage of urban wastewater treated by tertiary treatment

•

Increase in the percentage of urban wastewater treated with tertiary treatment

•

Measurement status of waste water reuse in buildings

•

Increasing situation of waste water reuse in buildings

•

Number of sewage management with ICT

•

Number of drainage system management with ICT

•

The increase in the ratio of the waste recovered in the city to the total generated waste

•

Ratio of waste sent to landfills

•

Reduction of waste collection cost

5. SMART TECHNOLOGIES AND APPLICATIONS
For technologists, 'Smart' refers to artificial intelligence and automated computing principles such as (1) selfconfiguration, (2) self-healing, (3) self-protection, and (4) self-optimization that are widely used in all smart
city components. [13]
Smart cities include successful modeling in all cases through ICT (Information and Communication
Technologies) and IoT (Internet of Things) technologies. In smart cities, the management and control of cities
is facilitated by using SCADA (Supervisory Control and Data Acquisition) systems. [13]
In short, “Smart City” technologies can be defined as a website that can be used to automatically intervene in
real-world cities by using applications of smart organizations such as big data cloud and internet of things.
[13]
The cloud computing platform, together with the spatial decision support system, uses artificial intelligence to
manage the large data storage required for intervention, calculation, analysis and decision-making in any
situation, and performs automatic control according to the results of analyzes and decisions. [13]
Technologies that facilitate water, wastewater, solid waste and air management are produced. The specific
remote monitoring of environmental parameters facilitates smart environmental management. Some
technologies used in monitoring environmental parameters are: Home Area Network (HAN), Building
Automation System (BAS), Wireless Sensor Network (WSN), Internet of Things (IoT). The environmental
parameters that IoT systems can detect are given in Table 3. [13]

533

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
Table 3. Environmental parameters that can be measured with sensors [13]
Parameters
optical ambient light
acceleration
electric / magnetic
leak / level
force / load / pressure
water flow

Parameters
chemical / gas
sound / noise / vibration
moisture / humidity
temperature
movement / speed / displacement
location / closeness

IoT sensors (for example, a humidity sensor) collect data from the environment or can take actions in the
environment (for example, watering the lawn in a public park). The connection allows the transmission of
data and receives commands either directly or through the gateway. An IoT platform, as the name suggests, is
the supporting software that connects everything in an IoT system. The platform is responsible for analyzing
the data it collects from sensors and making decisions (for example, knowing from humidity data that it has
just rained and then telling the irrigation system not to turn on today). [13]

6. CONCLUSION
Smart city is more livable and sustainable cities that are brought into being with the inter-stakeholder
collaboration, utilizing emerging technologies and innovative approaches, providing justification based on
data and specialty, and producing solutions adding value to our lives by predicting the future problems and
needs. Cities have to respond to many other needs of their residents, such as shelter, security, transportation,
health, environment, education, communication, and to meet these services in a quality and sustainable way,
with their infrastructure and superstructure. In smart cities, the environment and its sub-title waste
management is also an important issue.
The future waste management vision will only emerge as a result of the strategies and policies put forward
today and the plans and programs to realize them. Therefore, in order to make sense of how the future waste
management will be shaped, it is necessary to examine the future strategies and policies made today and to
review the plans and programs. In this context, some of the actions and targets in the strategy and policy
documents, plans and programs on the future of waste management within the concept of smart city and
smart environment are reviewed.
As can be seen, smart technologies offer us new opportunities in waste management. In order to use these
technologies in smart cities, it is necessary to act and think with the mindset of the future, not with today's
mindset. In this respect, the future of waste management is quite bright.
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Waste Management Practices in Sustainable
Campuses: The Case of Erciyes University
Burcu Salgın1, İbrahim Uyanık2, Oktay Özkan3
Abstract
Waste management practices are increasing in the world and in Turkey within the framework of
sustainable campus approaches. Since waste management strategy is vital for the United Nations'
Sustainable Development Goals (SDGs), waste management practices are also carried out in Erciyes
University (ERU) which has come to the fore in recent years in line with its sustainable campus target.
There is ERU Waste Directive published in 2017 that regulates the operation of waste management
within the university. The aim of this study is to examine all the efforts on waste management carried out
at ERU. Operational measures in terms of legislations are also compared. There are also efforts in terms
of educational and social activities. It has been observed that practices related to the management of
hazardous and organic wastes are carried out in ERU, and arrangements are made for the separation of
wastes at the source. These efforts made the campus cleaner and sustainable in terms of sustainability
rankings.
Keywords: University, campus, sustainability, waste, regulation, rankings

1. INTRODUCTION
Various studies have been carried out in the last three decades, especially with the sustainable campus
approaches being put on the agenda of universities. Scoulos (2010) defined the sustainable university with
these words: "University which contributes to Sustainable Development (SD) is a university which is able to
deliver the message of integration and progress in all aspects of SD, to promote socially just, economically
prosperous and environmentally benign development, through the concepts, principles and methods of
Education for Sustainable Development (ESD)". There are different tools to assess the sustainability in higher
education. Tumbas vd. (2015) has listed twenty four assessment tools most frequently referenced in the
literature, these are as follows: An Environmental Audit in University California Los Angeles Approach
(1988), ULSF Questionnaire Approach (1992), Maclean’s Annual Magazine Guide to Canadian Universities
Approach (1999), Alternatives Missing Pieces Reports I, II, and III Approach (2000), Penn State Indicators
Report Approach (2000), Draft List of Environmental Performance Indicators Approach (2001), An
Environmental Assessment Method for Community Approach (2002), Good Company’s Sustainable
Pathways Toolkit Approach (2002), National Wildlife Federation’s State of the Campus Environment
Questions and Answers Approach (2002), Campus Sustainability Assessment Review Project Approach
(2003), Campus Sustainability Assessment Framework Approach (2003), Sustainable Assessment Framework
for Waterloo University Approach (2005), Knowledge for Sustainable Development Assessment in MC Gill
Approach (2005), Campus Sustainability Selected Indicators Snapshot and Guide Approach (2006),
Graphical Assessment of Sustainability in Universities (2006), Multi-Criteria Analysis: A Tool for
Sustainability approach (2007), Auditing Instrument for Sustainability in Higher Education (2008), Unit-
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Based Sustainability Assessment Tool (2009), Sustainability Tracking and Assessment Rating System (2010),
Three Dimensional University Ranking (2010), GreenMetric (2010), Assessment of University Sustainability
Policies and their relation to the International Campus of Excellence program (2010), Alternative University
Appraisal project (2012), Green Plan (2012). In addition, The Times Higher Education Impact Rankings,
based on universities’ contributions to delivering the United Nations' SDGs, was also started to use in 2019.
Since sustainability has three dimensions as environmental, social, and economic, these rankings have
different categories to refer these dimensions.
ERU which is the case of this study is assessed by GreenMetric (GM) since 2017 and The Times Higher
Education (THE) Impact Rankings since 2019. GM ranks participating universities by setting and
infrastructure, energy and climate change, waste, water, transportation, and education (GM, 2022). THE
Impact Rankings rank universities by 17 SDGs and the categories are as following: no poverty, zero hunger,
good health and well-being, quality education, gender equality, clean water and sanitation, affordable and
clean energy, decent work and economic growth, industry, innovation and infrastructure, reduced inequalities,
sustainable cities and communities, responsible consumption and production, climate action, life below water,
life on land, peace, justice and strong institutions, partnerships for the goals (UN SDGs, 2022). Various
studies are carried out at ERU, which evaluated by these rankings, with the aim of becoming a sustainable
campus. Within the scope of this study, what has been done regarding waste management will be examined.
National legislations are also examined to meet these impact categories in terms of waste management.

2. METHODOLOGY
ERU has provided a set of sustainability targets and implementation strategies and beyond to guide
environmental management, education, and student participation. To demonstrate ERU’s efforts to become a
sustainable campus, face-to-face interviews were conducted with the academic and administrative staff who
work in the units which are related with sustainable campus initiative, educational and social activities were
listed, and the waste directive were examined. The questions are asked to the units supervisors and it was
listed in Table 1.
Table 1. Questions asked to campus units
Do you have an idea about waste categorization?
Do you have recycle bins?
What is the most produced waste type in your division/department?
Do you have any solution ideas about waste recovery?
Do you have temporary storage area?
How much waste is collected and what is the frequency?

Methodology of GM and THE Impact Rankings were examined in terms of categories which include “waste”.
Regulations about waste management [Zero Waste Regulation (ZWR), Waste Management Regulation
(WMR)] which are at national level, and ERU Waste Directive were compared with sustainable campus
ranking tools (GM, THE Impact Rankings). The practices about waste management related impact indicators
were also revealed for ERU.

3. SUSTAINABLE UNIVERSITY CAMPUS DEVELOPMENT PROGRESS IN TERMS OF
WASTE MANAGEMENT IN ERU
Before the ZWR was published, ERU Waste Directive was published by the Erciyes University
Environmental Problems and Cleaner Production Research and Application Center. This directive regulates
the collection, transportation, and disposal of waste. In this directive, the coordination of wastes generated on
campus, the responsibilities of units and sub-units, as well as training and monitoring activities are
mentioned. Since the publication of the ZWR, it has been aimed to manage and reduce the wastes generated
in the existing waste management system in the best way. In addition, the need to develop new policies on
waste (such as reducing the use of plastic) has emerged with GM and THE-SDG. In the light of all these
developments, a series of activities (education, practice, inventory work, survey, cooperation with
municipalities, preparation of guides and brochures and promotional activities, etc.) were carried out at ERU.
One of them is the survey study conducted on the units.
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The survey study was applied to 33 different units, one of which is student affairs, two are administrative
buildings, three research centers and social or cultural buildings, four are institutes and 19 are faculties. The
answers given to the questions of the questionnaire made before the implementation of the zero-waste system
shown in Figure 1, and it has seen that the unit responsible knows 85% of the waste categorization. Recycling
bins were also found in 94% of the units and the most generated type of waste was paper (only seven units
reported other waste). It has been determined that there are many units that do not have temporary storage
areas for recyclable wastes, and this is the most important deficiency in the units.

Figure 1. Questionnaire results (in vertical axis, the number of departments are shown, in horizontal axis, the answers are
written)

In addition to the answers given to the questionnaire, it was learned that the bulk wastes (construction &
demolition waste, old desks and tables, computers, etc.) formed in many units were given to other primary
schools in need and given to construction works unit in campus for repurpose or recycle. It has even been
determined that there are warehouses for such old items in some units. It is not surprising that paper is the
most waste in educational institutions. Although the existing internal and external correspondence and
applications at ERU are made online and ERU is a university which started software development for
paperless university management system in 2019, it is thought that the official applications and exam
documents of the students cause this situation.
Waste management practices place as an important part of sustainable approaches of university campuses.
Since kinds and quantity of wastes are increasing, management approaches vary in ERU. The units
established for sustainable campus goals and working on waste management issues at ERU are Sustainability
Office, Environmental Problems and Cleaner Production Research and Application Center and
Environmental Management Unit. Sustainability Commission was established in 2021 under the Rectorate
and continues its activities towards sustainable development goals. The Commission consists of academics
who carry out studies on the environmental, social, and economic dimensions of sustainability. Every faculty
or units also have their zero-waste responsible who are academic or administrative staff. The administrative
staffs of Environmental Problems and Cleaner Production Research and Application Center arrange online
meetings to educate the zero-waste responsible of the faculties and units. In addition, to integrate students
into studies; Sustainability Community and Environment and Sustainability Club were established. It has
been observed that there are also social activities carried out with students on waste management. As an
example, "Collect from Nature and Recover" project was completed in the collaboration with Abdullah Gül
University (Figure 2). Within the scope of the project, garbage collection activities and recycling workshop
with collected garbage were organized in April and May 2022. It is clearly seen that while these activities, in
which students are included, help raise awareness of students on the issue, they also provide social interaction
and serve the sustainability goals from many points.
Many criteria should be evaluated together in terms of waste management in sustainable universities. One
pillar of this is ranking systems, and the other pillar is legislation. In terms of waste management, the wasterelated criteria of THE-SDG and GM ranking systems are given in Table 2 for waste management and
different waste categories. While the THE-SDG evaluates measurement, monitoring and policy issues in
terms of waste management, GM makes scoring according to the evaluation rates of waste quantities. In the
ZWR, it is necessary to determine the current situation and create a waste inventory. There is a similar
situation in terms of the evaluation of organic wastes and it is mentioned that measures should be taken to
reduce existing food wastes in the ZWR. While the practices for reducing inorganic and plastic wastes were
evaluated for THE-SDG and GM, 8 different measures were published in the ZWR for the prevention and
reduction of waste generation (Zero Waste Regulation, Annex-2). While THE-SDG wanted a policy in terms
of hazardous waste, the ZWR referenced a different regulation. While water management is in the waste
category at GM, it is in the life on land category in THE-SDG. Water management is not included in the
ZWR.
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Figure 2. "Collect from Nature and Recover" Project (WEB-1, WEB-2)

In terms of waste management in universities of Turkey, the ranking systems and the ZWR are evaluated
holistically. When the provisions (processes such as inventory creation, monitoring, redevelopment, etc.) of
the ZWR are complied with, expectations in many categories are met. Therefore, a very good implementation
of the zero-waste system will result in obtaining the required points in rankings of the waste area. Here, the
ZWR does not find a response only on the issue of water management. Improvement can be achieved in this
area by reusing water in some buildings on the campus or by building “green” building. It is thought that one
of the most important problems experienced in universities in terms of waste management is the lack of
qualified personnel. Although the ZWR provisions seem easy to implement at the beginning, it becomes
necessary to employ an environmental engineer to monitor the wastes generated in university campuses and
to continuously improve the system.
Table 2. Comparison between THE-SDG, GM and the ZWR
Waste Category
Waste Management

THE-SDG
• Measurement of waste generated and
recycled

Green Metric

• Tracking waste generated and recycled
Recycling program for university's waste
• Amount of waste generated
• Amount of waste recycled and sent to
landfill
• Policy, process or practice on waste disposal covering hazardous materials

Organic & Food Waste

Organic waste treatment

• Policy on reducing plastic waste on campus
A policy, process or practice on waste disposal
Hazardous & Toxic Waste and hazardous materials
• Water quality standards and guidelines for
Water Management
water discharges

Inventories should be watched
Regulation promotes mainly reduction
and recycling

Zero waste management plan includes
the determining of waste inventory

Measurement of food waste

Proportion of food wasted/discarded per
person on campus
A policy on ethical sourcing of food and
supplies
• Action plan to reduce plastic waste on
Inorganic & Plastic Waste campus

Zero waste regulation

Precautions should be taken to reduce
the food waste to promote it to human
benefit instead of animal feed.
Food waste reduction plan should be
prepared

Inorganic waste treatment

There are 8 principals to reduce the
Program to reduce the use of paper and waste amount without spesifically
plastic in campus
indicating plastic waste.
Reference to other regulation (Waste
Toxic waste handled
Management Regulation)
Sewerage disposal

No reference but there are regulations

It has been observed that ERU is in the 301-400 band in 2022 in the 12th responsible consumption and
production category, which is the waste relevant topic among the SDGs targets (WEB 3). It has been
determined that the current legislations are sufficient in terms of waste management, and that hazardous
wastes are sent to licensed facilities in accordance with the regulation of the WMR. However, it has been
observed that there are inadequacies in providing the documents in waste categories to ranking systems. It has
also been observed that the ratio of recycled or recovered waste to the total amount of waste cannot be
calculated since the total amount of waste cannot be measured. In addition, it has been observed that the
current regulations (ZWR and WMR) have been implemented in the campus area with the contribution of the
ERU Waste Directive and campus wastes have been managed with a systematic approach.
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Performance in Rural and Urban Parts of the
South Moravian Region
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Abstract
Waste management in municipalities is a complex process that can produce very different results
depending on the specific local characteristics. When considering larger regions, a common way of
differentiating among them is the identification of the various levels of urbanization/rurality. In our study
we analyze differences in individual parts of South Moravian Region in the Czech Republic with respect
to their urbanization level and compare their performance in municipal solid waste management in
period of 2009–2020. For determining the level of urbanization/rurality we construct a simple relative
measure using available data on municipal size, population density and distance to the central
metropolitan area, including also temporal sociodemographic change over the analyzed period.
Aggregated results show that while the generation of residual municipal waste remains relatively stable
throughout the whole period, levels of separated municipal waste show notable annual growth rate. When
adding the factors of rurality and other characteristics into the analysis, notable differences among the
individual districts show up. In districts with higher urbanization, more residual and separated waste is
being generated per capita, however further characteristics also play a role. Such findings draw attention
to the specific factors that can lay behind different development among various regions and represent a
valuable knowledge in the process of designing specific targeted measures and policies that are
necessary in situations where there is one common target, for instance European Union’s target of waste
recycling rate of 65% by 2030, but there is no simple one-size-fits-all solution how to reach it.
Keywords: Municipal waste management; waste separation; urbanization

EXTENDED ABSTRACT
Waste management has been developing progressively in recent years. Together with the ongoing trend of
promoting higher environmental awareness, this leads to the question whether the behavior of the people
shows such trend as well. One important part is municipal solid waste management. If we look at the current
environmental policy of European Union in this area, the targets include, among other, reduction of landfilled
municipal waste to maximum of 10% and recycling rates of municipal waste of at least 65%, both by 2030.
Many countries are currently far from that, but consistent progress if often being made.
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The goal of this study is to examine different level of progress in municipal waste management with respect
to different sociodemographic characteristics and development of the municipalities. In our study we take 12year period data from individual parts of South Moravian Region in the Czech Republic that represent
different levels of rurality, as well as other sociodemographic characteristics like population density,
municipal size, etc. We then examine the connection between the development of these characteristics over a
time period and corresponding municipal waste management performance in order to identify potential
important factors that might contribute to better or worse municipal waste management performance.
South Moravian Region consists of 21 parts (districts) spanning from the central highly urbanized part of
regional capital Brno to relatively rural parts with numerous tiny villages. These parts, while still being
physically relatively close to each other, differ in population density, dominant housing structure, population
structure, geographical conditions, waste management infrastructure and also their results in waste
management performance. Moreover, development of some of these characteristics has been quite different in
some of these parts, which creates a good opportunity for the analysis of different results that have been
reached and whether there is any connection between the achieved results and the urbanization of given part
of the region.
Sociodemographic data for the analysis have been collected from Czech Statistics Office and span 12-year
period of 2009–2020. These data include municipal characteristics of average and median municipal size
within the regional part, population density related to both total and built-up area (representing normally just
few percent of the total area) and the distance to the central metropolitan area of the region in both km and
usual driving time in minutes. Characteristics such as these are commonly used for estimation of the rurality
or alternatively urbanization level of given region or even individual municipalities. While there is no clear
consensus or a standard way of calculating urbanization/rurality index in the academic literature,
characteristics such as those we employ are being commonly used in construction of indexes like these.
For instance, Nelson et al. [1] provide a systematic review of the measures of rurality in recent literature and
concludes that both definitions and measurements have changed substantially over the time. According to
their study, there are two main types of measures – categorical with several defined levels and continuous that
provide gradual differentiation among analyzed units, plus occasional combination of both.
Li et al. [2] came up with concrete application and have developed rurality index for China for capturing the
development of rural China in order to improve development policies. In their study they stress the
importance of demographic characteristics in reflecting the change of rural development, including the spatiotemporal variations of driving factors of population change. Besides density they use further characteristics
related to age, housing, education or some employment aspects. Findings suggest that there is a need to come
up with reasonable modification of rural policies that recognize the nature of different regions.
Some form of rurality index has also been occasionally employed in waste management estimation, for
instance in a study about biowaste generation, where Banquero et al. [3] recommend using models that allow
including changes over time instead of static ratios, as sociodemographic situation especially in rapidly
developing areas can change notably. Findings of the study then shows that the more rural the municipalities
are, the more biowaste they tend to generate, leading to the suggestion of increasing separate collection levels
specifically in these areas.
In our case we come with preliminary proposal of simplified continuous index representing the level of
urbanization/rurality with respect to other parts of the analyzed region. This preliminary version of measure
aggregates collected common sociodemographic characteristics of individual parts/districts in the region
(size, density, distance to central metropolitan region, etc.). Municipal size and population density are
transformed into relative measure compared to the highest available value among the districts, while distance
to the central metropolitan area is compared to the lowest available value. Final value of the index is then a
simple sum of relative ratios that districts acquired in individual characteristics. In this preliminary version of
the index, we do not assign different weights to the individual included characteristics yet, but it represents a
future extension. In terms of interpretation of the index values, the higher the value, the more urbanized is the
district.
Resulting index values shows differences between individual districts that are relatively corresponding to
their subjective urbanization/rurality level observed in real life. Districts with the highest score (representing
highest relative level of urbanization) are either those very close to the central metropolitan area, or those
consisting of groups of fewer relatively larger municipalities surrounding larger district capital, or those
located along the main transportation corridors. Some of these mostly urbanized districts can be practically
considered as extended suburbs of the central metropolitan region. On the other hand, districts with lowest
score (representing highest relative level of rurality) are those consisting of dominantly small municipalities
scattered within a larger area and typically further from central metropolitan area, as shown in Figure 1.
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Figure 1. Different levels of urbanization among districts in South Moravian Region

Waste data for the analysis have been collected from national database ISOH that provides aggregated values
for main waste categories for central, regional and district levels. These data include total municipal waste
generated in each individual district within the region for the period 2009–2020. Total municipal waste is
then split into residual municipal waste and separated municipal waste. Per capita generated waste amounts
from 2020 are shown in Figure 2. While residual waste generation is not differentiating that much, separated
waste level in some districts are more than double compared to other.

Figure 2. Per capita generation of residual and separated municipal waste in South Moravian Region districts, 2020

In order to analyze these different achieved levels and development trends, we employ statistical and
econometric methods including linear mixed-effect modelling in order to identify the influence of changes in
regional characteristics on waste management performance and their relative levels of urbanization/rurality.
Development of residual and separated waste over analyzed 12-year period using average annual growth rate
for individual districts shows that per capita amounts of generated residual municipal waste are relatively
stable throughout the whole period with average annual decrease in the amount by -0.5%, while separated
municipal waste generation shows continuous growth throughout with average annual increase of +11.2%.
Results such as these suggest that while the amount of generated residual waste is stable and very slowly
decreasing, the potential for further waste separation still seems plentiful. Moreover, in most of the districts
the amount of separated municipal waste in recent years surpassed the amount of residual waste, suggesting
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the gradual trend towards reaching EU recycling targets, even though separation itself does not directly
translate into recycling.
Subsequent multilinear regression analysis identified several statistically significant factors related to both
residual and separated municipal waste per capita generation. Specifically, time variable proved significant
for both types of waste, strongly increasing generation of separated waste with each subsequent year, while
with residual waste we observed small annual decrease. Rurality variable suggests increase in both separated
and residual waste generation in more urbanized districts. On the other hand, increasing population density
tends to decrease per capita waste generation levels for both residual and separated municipal waste. Median
size of the municipality in the district has different effect on waste generation, as with increasing size, amount
of per capita generated separated waste tends to increase, while the amount of residual waste decreases.
Results such as these show that municipal waste generation is a complex issue that can be affected by
numerous variables and an in-depth analysis is typically required to unravel relationships that can occur
among sometimes unsuspicious variables. Once such identification is done, the next step of identifying the
inner reasons for such causality should be examined in order to find out underlying mechanism. Such
knowledge can be then further utilized whether for more precise predictions or for attempts to specifically
influence occurring situation.
It is important to stress that in municipal waste management there is no one-size-fits-all solution and that
individual characteristics of municipalities play significant role in the appropriateness and effectiveness of
any given applied solution. Moreover, similar approaches can produce different results depending on the
people that are expected to follow them.
Through this analysis our study shows what progress has been made in 12-year period, identifying current
gaps between results and expected targets, and shows whether the trend of improving waste management
practices is likely to be sufficient in order to meet set targets. Study also identifies what parts of the region are
performing comparatively better including the factors why it is so, and the same for the not-so-well
performing parts, again with suggested factors why is it so.
Main benefit of the study is in presenting findings that affect waste management performance while possibly
not being evident at first, and also the real experiences of municipal waste management in different
sociodemographic conditions. Such results are likely to provide wider audience with a better idea about the
issue, and responsible representatives can get inspired in order to appropriately adjust waste management
settings and policies in their own environment in order to achieve better waste management performance.
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3

Abstract
The rapid economic development accompanied by an increase in urbanization in Indonesia makes waste
management fractious. Municipal solid waste ends up unregulated in landfills. Thus, sustainable waste
management alternatives are essential to prevent negative health and environmental impacts on the local
community. In contrast, developed country such as Switzerland, is known for its effectiveness in handling
household waste with a high waste recovery rate. Therefore, our study examines the factors that are
influencing the motivation and intention of the general population in participating waste management
programs in Indonesia and Switzerland. We apply the Behavioral Reasoning Theory to examine the
motivation and behavioral intention. The initial findings from our quantitative data show that reasons do
not significantly influence the attitude of waste management behavior in Indonesia. Additionally, education
and residency have moderating effect in Indonesia. Our analyses correspondingly show some similarities
and difference in the cross-cultural comparative data.
Keywords: behavioral reasoning theory, waste sorting behavior, cross-cultural study, Indonesia,
Switzerland, waste management

1. INTRODUCTION
Municipal solid waste (MSW) has been a global problem that can pose a major threat to the local and
international population. Ineffective MSW management brings environmental problems such as water, soil, and
atmosphere contamination, all of which could cause negative consequences on human health [1]. Switzerland
is a country well known for its effectiveness in handling household waste through recycling, incineration, and
composting [2]. Unlike Switzerland, Indonesia’s waste management system has remained a problem despite
the country’s rapid social and economic development. It has been in the top five highest MSW producing
country in the world [3]. Although the Indonesian government has introduced approaches aimed to reduce
MSW, it still possesses a major problem due to the low public participation, an increase in urban lifestyle, and
changes in consumption habits. Research has shown the importance of active participation from the people to
be involved in waste separation and waste management programs [4]. Therefore, our study investigates the
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factors that are influencing the motivation and intention of the general population in participating waste
management programs in Indonesia and Switzerland. The cross-cultural analysis aims to identify a feasible
approach that the community will engage and adopt the waste management program in the long-term.

2. CONCEPTUAL FRAMEWORK
Behavioral reasoning theory (BRT) allows for a comprehensive explanation of consumer behavior regarding
the reason-specific context that motivates people's actions [4]. It has proven effective in explaining reasons,
motivation, and intention in the decision-making process. Claudy et al. [5] conceptualized the BRT framework
(Figure 1) to include how values influence reasons for or against adoption, which eventually affect attitudes
towards adoption intention and behavior. This decision model and behavioral intentions theory that applied in
research studies also explained how individuals behave when participating in different social networks within
dynamic network theory [6-8]. Therefore, our conceptual framework (Figure 2) is based on Claudy et al. [5]
model, which can help researchers and managers to investigate the influences of various reason-specific factors
in a single behavioral decision framework. We included the effect of moderators such as age, gender, education,
and residency in our study.
Intention is the degree to which an individual is willing or intends to follow waste management systems or use
their time for waste management. Behavioral intention gives a positive direct effect on behavior because when
people intend to do certain actions, they will realize it into action [9]. Previous studies have found a direct
relationship between intention and behavior [10, 11]. Therefore, our study hypothesizes:
H1: Intention positively affects behavior for participating in waste management
Attitude is the degree to which an individual perceives the idea or principle of waste management is beneficial
for themself in general [12]. The BRT model theorizes that values and beliefs influenced attitudes and are
frequently the outcome of consumers' demand for streamlined information processing and thus affect the
intention. Positive attitudes have a significant correlation with the intentions to adopt certain behavior. A study
conducted by Basha & Lal [13] showed that attitude positively influenced consumer intention regarding
purchasing organic products in India. Other studies also found a similar result that supports the importance of
attitude in encouraging the intention of pro-environmental behavior [14, 4]. Therefore, our study hypothesizes:
H2: Attitude positively affects Intention for participating in waste management
Reasons as motivators and facilitators might initiate certain perceptions among consumers towards engaging in
certain behaviors [4]. Reason can predict attitude because it gives an explanation and justifies the acceptability
of an individual’s action and other alternatives. This study defines reasons as factors that support and facilitate
the waste management system which is comprised of personal and environmental benefit, social influence,
culture, and government and policy. Firstly, the personal and environmental benefit refers to the benefits or
gains in results of an individual’s participation in waste management behavior. Secondly, the extent to which
social influence, which includes individual’s surroundings, their family and neighborhood, affects their decision
to participate in a waste management program. Thirdly, the culture factor as one of the reasons for individuals
to participate in waste management. Cultural influences may play a decisive role in an individual’s attitude as
it forms distinctive characteristics and variations towards recycling behavior between different countries [15,
16]. Lastly, the influence of government and policy can be a stimulus factor in encouraging the participation of
the general population in waste management systems [17-19]. Based on the explanation above, our study
hypothesizes:
H3: Reason positively affects Attitude for participating in waste management
H4: Reason positively affects Intention for participating in waste management
Pro-environmental behavioral studies include values in their research because it possesses a critical role in the
decision-making process [4, 20]. Our study defines values as a certain principle held by a person regarding proenvironmental. According to Claudy et al. [5], a person’s value can directly affect their reasoning for justifying
an action. Therefore, it can guide a person’s behavior and behavior alternatives. Theoretically, values can
directly affect attitude [21]. Furthermore, consumer awareness and concerns about environmental problems
have a positive influence on attitude. Another study proves that environmental concerns are significantly
affecting pro-environmental intention to motivate people to pay for climate change mitigations [22]. Therefore,
our study hypothesizes:
H5: Values positively affect Attitude for participating in waste management
H6: Values positively affect Reason for participating in waste management
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2.1. Moderating Effect

This study applied gender, age, education, and residency as moderators. According to the literature, gender has
a moderating effect on pro-environmental behavior, however, there is mixed results [23-26]. A study conducted
by Issock et al. [24] reported that gender has no apparent impact on waste management behavior. On the other
hand, a study found that males significantly express more pro-environmental behavior [27]. Other literature
highlighted the moderating effect of gender on social influence and willingness to sort and recycle to be higher
in females [28]. Therefore, it will be noteworthy to investigate the impact of gender between males and females
on waste management behavior.
Furthermore, previous studies found the moderating effect of age differences can influence the intention and
behavior towards waste management [24, 27, 29]. This is due to the generational differences that create a
distinct mindset, values, and pattern of behavior [24, 27]. For example, Debrah et al. [29] reported that older
age managed their waste better than younger age, this is because younger people tend to rely on waste
management service to separate the waste.
The next moderating effect is residency. the residency could also moderate the relationship in the waste
management behavioral framework [30, 31]. A previous study investigated the willingness to waste
classification in urban residency and found that urban residents are willing to classify garbage by increasing
public education [30], while rural residents have higher waste sorting behavior [31]. Question remains whether
the same behavior applies the same in a developing country.
Lastly, education has an impact on pro-environmental behavior [32-34]. It can improve waste management
participation because the higher the education the person has the more information they receive about the
environment. Consequently, increase the awareness of waste management and the negative impact of untreated
waste and encourage pro-environmental behavior.

Figure 1. Behavioral Reasoning Theory from Claudy et al. [5]

Figure 2. The conceptual framework

3. METHODOLOGY
We collected the data in Switzerland and Indonesia using convenient sampling of 155 responses (95 Indonesian
citizens and 60 Swiss citizens). The research instrument administered was both in English and Bahasa
Indonesia, which included personal information such as country, nationality, age, gender, education, and
residency. The Likert-scale survey required participants to response to the items shown in Table 1. We first
applied factor analysis with principal component analysis and direct varimax rotation to determine the
distinction of each construct, followed by Kaiser-Meyer Olkin (KMO) and Bartlett’s Test Sphericity (BTS) to
check the factorability of the data.
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We analyzed the framework using different form of measures including the composite reliability, construct
reliability and validity, and discriminant validity for each Indonesian and Switzerland data. Subsequently, we
conducted the structural model analysis (SEM) to find the path coefficient and p-value of the proposed
hypotheses. We further analyzed the moderating effect as well as the MGA analysis to find the effect of the
moderator (age, gender, education, and residency) to the relationship of dependent and independent variables
in the construct.
Table 1. List of questions in English and Indonesian

English Translation
Personal and Environmental Benefit

Items

I believe that proper waste management can reduce health and environmental hazard at home.

PE1

I believe that proper waste management protects the environment from toxic chemical
contamination and pollution.

PE2

I believe that proper waste management would improve my local environment and lead to a
healthier environment
Social Influence
I am doing (will do) proper waste management at home because of my neighbors.
I am doing (will do) proper waste management at home because of my family.
I will only participate in proper waste management when everyone in the neighborhood is
doing it.
I proactively encourage people around me to dispose of their waste properly.
Culture
I was taught from an early age about the importance of waste management and the
environment.
The waste management system is convenient and easy to follow in my country.
Waste management is affordable in my country.
Littering is not common in my country.
It is easy to adapt to a new waste management system once introduced.
Goverment and Policy
We have a clear policy that regulates waste management in my neighborhood.
The authority is strict in monitoring the waste management in my neighborhood.
The authority fully supports and facilitates the waste management program in my
neighborhood.
Value
I have participated in and supported an environmental group.
I have subscribed to a newsletter, social media post, or any news related to environmental
concerns.
I have boycotted or avoided buying products from an environmentally non-ethical company.
Attitude
Waste management is good for me in general.
Waste management is beneficial for me in general.
Waste management is useful for me in general.
Intention
I am willing to inform my friends about the right way of managing municipal waste.
I am willing to use my time to separate waste in my household.
I am willing to use my time to take my household waste to be recycled.
Behaviour
I have managed my waste properly at home.
I have dedicated my time to properly taking my household waste to be recycled.
I have discarded my waste properly for recycling and recovery

PE3
SI1
SI2
SI3
SI4
CU1
CU2
CU3
CU4
CU5
GP1
GP2
GP3
VA1
VA2
VA3
AT1
AT2
AT3
IN1
IN2
IN3
BH1
BH2
BH3

4. RESULTS
Appendix 1 shows the outcomes of factor analysis, generating six factors namely: Current Condition (CC),
Attitude (AT), Behavior (BH), Value (VA), Personal and Environmental Benefit (PE), and Social Influence
(SI). To ensure the internal reliability and discriminant validity of the measures, we conducted required
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statistical tests and examined the factor loadings before evaluating the structural modelling. Compared to the
initial framework, the questions for government and cultural factors fall under the same factor named as Current
Condition (CC). The KMO shows a value of 0.853 which is above the recommended value [35], thus showing
the adequacy of the sample. Furthermore, the BTS also shows a p-value <0.05 which shows a great likelihood
of successful factorability of the data [36]. Based on the average variance explained (AVE) for this study, it
was greater than 0.50. Therefore, the AVE exceeds the recommended value [37].
We calculated the discriminant validity for each framework based on Fornell and Larcker’s criteria [37]. The
inter-correlation values were less than the diagonal values indicating that the correlation between measures is
less than the square foot of the AVE, thus, all frameworks possessed sufficient discriminant validity. Lastly,
the Composite Reliability values were above the recommendation of 0.70 meaning that the framework showed
sufficient internal reliability, except for RE in Indonesian samples which composite reliability value showed
less than the recommended threshold. However, because this research is exploratory research, we retain the
construct for structural model analysis.
Table 2 shows the results of structured model analysis. The structural framework for Switzerland explained
49.9% variance for BH, 71.5% for AT, 53.1% variance for RE, and 47.5% variance for VA. For Indonesia, the
framework explained 55.4% variance for BH, 79.2% for AT, 42.7% variance for RE, and 58.9% variance for
VA. The moderating effects suggest that age and gender do not moderate the relationship of dependent and
independent variable for both Switzerland and Indonesian samples. The moderator, education found to
moderate the relationship between VA to RE for Indonesian samples with a p value < 0.05 and path coefficientsdiff (Primary-University) of 0.267. Furthermore, residency (rural versus suburban) also moderated the
relationship of RE to BH and VA to RE, residency (rural versus urban) for AT to BH and RE to BH, residency
(suburban to urban) for VA to RE in Indonesian samples with the path coefficients diff of -0.912, -0.683, 0.547,
-0.793, and 0.170, respectively.
Table 2. The results of structural model analysis and hypothesis

Switzerland
Hypotheses

Indonesia

Path
coefficient

P-value

Results

Path
coefficient

P-value

Results

H2: AT → BH

0.527

0.000

Accepted

0.407

0.000

Accepted

H3: RE → AT

0.617

0.000

Accepted

-0.146

0.336

Rejected

H4: RE → BH

0.327

0.046

Accepted

0.523

0.000

Accepted

H6: VA → AT

0.220

0.045

Accepted

0.450

0.000

Accepted

H5: VA → RE

0.406

0.000

Accepted

0.599

0.000

Accepted

5. DISCUSSION
Municipal solid waste is a worldwide issue that continues to have negative effects on the environment and
society’s aspects of life. Our study examines cross-cultural analysis and behavioral comparison regarding
sustainable MSW management programs in Indonesia and Switzerland and the learnings from a developed
country for a developing country. In general, our findings supported all hypotheses among Swiss respondents
while only four out of five hypotheses supported for the Indonesian respondents. Hypothesis two, H2, explains
the significance of AT towards BH in MSW management participation is significant in both countries. This
means that behavior and intention to participate can positively influence by attitude towards waste management.
This result aligned with previous studies of Claudy et al. [12], Sahu et al. [14] and Dhir et al. [4]. For
Switzerland, H3 which explained the relationship of reason to attitude in waste management is significant.
However, in Indonesia, the results show otherwise.
Latent variables such as personal and environmental benefits, social influence, and current condition
made up the factor of reason. Based on the literature review, personal and environmental benefits can promote
positive attitudes and intentions toward waste management [4, 38]. However, based on our study, the reasons
for Indonesian did not significantly affect attitude. Furthermore, in theory, social influence could motivate
people to engage in certain activities. In contrary, the findings from Indonesia shows that influence from their
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surroundings does not increase their attitude to engage in waste management practice. The last latent variable
of reasons is the current condition which mostly comprises of culture and government and policy factors, was
not supported, and does not positively influence the attitude towards waste management. This could be due to
the low education and awareness of waste management and waste sorting behavior and low government
participation and effort in waste management training and policy.
As explained by Sabarinah [31], only 9% of the household knows waste sorting in Indonesia.
Therefore, they are not well-educated on the beneficial effect of waste management and waste sorting impact
to them. A study conducted by Dewi et al. [39], in the city of Pekanbaru, Indonesia about medical waste
management shows that training management is the reinforcing factor that is important in waste sorting
behavior. However, the training management which is the responsibility of the City Health Department and
province are only few and is not sufficient or limited to no training for waste management. Furthermore,
facilities provided by the government are also important reinforcing factors. But currently, the facility is not
sufficient to support the waste management intention. As stated by Dewi et al. [39], people who did not have
the facilities for waste management usually are more unmotivated by 3.7 times to not manage the waste properly
compared to the ones who have the facilities.
H4 examined the association between reason and behavior in Indonesia and Switzerland. The results
in the current study supported the hypotheses in both countries, which are consistent with the prior work of
Claudy et al. [5] and Westaby et al. [40] that confirmed the positive association of reason towards intention and
behavior. This also shows that Indonesian respondents will directly engage in the MSW Management program
when there is a reason, even though the reason does not positively influence attitude in the decision-making
process. With regards to H5 and H6, which investigate the relationship of value towards reason and attitude,
the result shows that both reason and attitude positively influenced by value for both countries, supported the
work of Kushwah et al. [20] and Dhir et al. [4], which indicated the key role of value in decision-making
processes for pro-environmental behavior.
In view of one of the moderators, age did not moderate the relationship between dependent and
independent variables in both Switzerland and Indonesia, which supported previous research of Wang et al.
[27] and Issock et al. [24]. One reason could be a similar perception of waste management among all ages in
both countries. Our s study could not prove any moderating effect of gender, which is another moderator, on
dependent and independent variables in both countries. This is an unexpected finding, given the existing
literature has demonstrated the significant moderating effect of gender on pro-environmental behavior [23, 27,
28, 25]. This finding could indicate that waste management motivation between males and females does not
differ and therefore, the policymaker could use the same approach for both genders.
Education, the next moderator, is significant in Indonesian respondents for the VA to RE relationship.
However, the path coefficient is higher in primary compared to university graduate samples. This means that
people with primary education with intention are more likely to act and participate in pro-environmental
behavior. This result does not align with the current literature on moderating effect of education which indicates
that high education brings a positive impact on pro-environmental behavior [32-34]. Public education on
environmental protection knowledge can improve society's awareness of environmental problems, thus,
promoting environmental values, which consequently encourages participation in the pro-environmental
program [30]. Therefore, more research needs to focus on this moderator, especially in examining any influence
of informal education on waste management behavior. There is a possibility that knowledge of the environment
and awareness of the environment have more influence than formal education.
The moderating effect of type of residency on waste management behavior is most significant
between rural vs urban areas, and rural vs suburban areas. In Switzerland, the type of residency does not
moderate any relationships in the current framework. This could mean that the Swiss population is all exposed
to MSW management programs. Thus, residency may not be influential among the Swiss participants.
However, Indonesia shows different moderating influences regarding the type of residency. The type of
residency, the suburban residents, moderated VA to RE in this case. This means that people who live in the
suburban area tend to respond positively to reason when they have a substantial value towards waste
management. Similarly, the suburban and urban residents moderated the RE to BH, meaning that people who
live in urban areas are also more likely to participate in MSW management when the reason is favorable to
them. Likewise, rural residents will act towards MSW management programs when they have a positive attitude
towards waste management in general. Thus, the moderation also appeared in the relationship between AT and
BH and from people who live in the rural area.
Knowing the different effects of moderating variables towards the relationship in the framework
allows the authority to promote a successful indirect approach to the waste management program. There are
important points to note from our findings. Firstly, to increase the awareness of waste management and waste
sorting benefit in suburban areas. Secondly, to promote the reason and consequently promote active
participation. Thirdly, approach the urban resident through the improvement of RE to participate in the waste
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management program. Lastly, to increase the positive attitude toward waste management to kickstart the waste
management program in the rural area.
Overall, the decision-making process in motivation to participate in the waste management program is different
in Switzerland and Indonesia. This result reveals that the tools to motivate people in Switzerland and Indonesia
are also different. Indonesian respondents can directly engage in the waste management program for reasons;
thus, by providing and improving the waste management system including the facilitation and policy can
increase the motivation.

6. CONCLUSION
This study has major managerial implications. It provides guidance on waste management according to the
factors that affect the motivation toward waste management. Our research results have shown the differences
in the waste management behavior of the Indonesian population and Swiss population in the case of a) reason
and attitude relationship b) moderating effect of education c) moderating effect of residency. All the
relationships in the BRT framework are supported for Swiss respondents and no moderating variables
significantly affected the relationship. This means that all Swiss respondents are exposed to the same waste
management program and thus the demographic differences are not influential in waste management
participation. Meanwhile, the major implication of this study for Indonesian is the need to focus on the reason
(personal and environmental benefit, social influence, and current condition) to promote participation in waste
management. In addition to that, the government can strategically approach the population by considering their
type of residency to efficiently influence the people in waste management programs.
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APPENDICES
Components
Items

Personal and
Social
Current
Attitude Behaviour Value Environmental
Influence
Condition
benefit

We have a clear policy that regulates
waste management in my
neighborhood.

0.86

The waste management system is
convenient and easy to follow in my
country.

0.815

The authority is strict in monitoring the
waste management in my
neighborhood.

0.8

The authority fully supports and
facilitates the waste management
program in my neighborhood.

0.779

Waste management is affordable in my
country.

0.732

Littering is not common in my country.

0.65

I have discarded my waste properly for
recycling and recovery

0.64

It is easy to adapt to a new waste
management system once introduced.

0.487

0.404
0.371

Waste management is good for me in
general.

0.812

Waste management is useful for me in
general.

0.787

Waste management is beneficial for me
in general.

0.765

I am willing to use my time to take my
household waste to be recycled.
I have dedicated my time to properly
taking my household waste to be
recycled.

0.706
0.626

0.495

I was taught from an early age about
the importance of waste management
and the environment.

0.532

I proactively encourage people around
me to dispose of their waste properly.

0.36

0.514

I am willing to use my time to separate
waste in my household.

0.495

0.504

0.351
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I have managed my waste properly at
home.

0.502

0.481

I have subscribed to a newsletter, social
media post, or any news related to
environmental concerns.

0.806

I have participated in and supported an
environmental group.

0.719

I have boycotted or avoided buying
products from an environmentally nonethical company.

0.619

0.386

I am willing to inform my friends about
the right way of managing municipal
waste.

0.401

0.38

0.419

I believe that proper waste
management can reduce health and
environmental hazard at home.

0.788

I believe that proper waste
management protects the environment
from toxic chemical contamination and
pollution.
I believe that proper waste
management would improve my local
environment and lead to a healthier
environment

0.525

0.502

I am doing (will do) proper waste
management at home because of my
neighbors.

0.745

I am doing (will do) proper waste
management at home because of my
family.

0.731

I will only participate in proper waste
management when everyone in the
neighborhood is doing it.
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0.729

0.365

0.704

-0.366

Explained Variance (%) in total 64.91

19.03

12.12

10.87

8.66

7.45

6.78

Eigenvalue (after rotation)

7.85

4.2

1.67

1.5 4

1.19

1.03
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A Bi-objective Optimization Model for
Medical Waste Collection Problem
Rifat Aykut ARAPOĞLU 1
Abstract
Medical waste is constantly produced at medical waste production points such as hospitals, health clinics
and health centers spread over an urban region. The short/long term storage (or delays) at the waste
production points and the collection process of such medical waste pose a risk for the public health and
therefore they should be properly disposed of at special facilities called incineration centers. This is
regularly performed by a fleet of specially equipped collection vehicles each of which starts from the
facility and returns to the same location after visiting a subset of medical waste production centers and
collecting outgoing medical waste.
This medical waste collection problem has two objectives: First one is to generate a route for each
vehicle so that the total cost of transportation is minimized. This has become a highly pronounced
objective given that the latest increase in fuel costs in Turkey. The second objective is to reduce the risk
involved during the collection/transportation of medical waste which may potentially include infectious
waste due to the recent Covid-19 outbreak.
In this study, we propose a bi-objective Mixed Integer Problem (MIP) optimization model to
simultaneously minimize both total cost of transportation and the risk involved. The problem is illustrated
for a small subset of medical waste production points located in Eskisehir, Turkey.
Keywords: Medical waste management, Bi-objective MIP model

1. INTRODUCTION
Collection and disposal of medical waste is one of the critical tasks that many municipalities face in all over
the world. Medical waste is generated at different locations in a city such as hospitals, clinics, laboratories,
blood banks and generally a local private or municipal authority is responsible for the collection, transport
and proper disposal. Medical waste contains potentially dangerous microorganisms that may infect medical
center patients, staff, public and the environment. Therefore, its storage and handling operations should be
performed very carefully.
Medical waste collection involves collecting medical waste from geographically dispersed locations using a
fleet of vehicles/crew operated by a local authority usually in a populated area. In the literature, this problem
is addressed via two types of models:
The first type deals with the minimization of the total cost/distance of collection associated with the operation
of the fleet/crew. From an optimization point of view, the problem becomes to identify a closed route starting
1

556

Corresponding author: Eskisehir Osmangazi University Industrial Eng. Department, 26040, Odunpazarı / Eskisehir
arapoglu@ogu.edu.tr

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
and ending at the depot for each vehicle so as to minimize the total cost/distance. This optimization problem
is known as the Vehicle Routing Problem (VRP) which belongs to one of the hardest problem class (NPComplete) [1]. Several studies of VRPs for medical waste collection include [2] - [4].
Reference [5] proposes a periodic vehicle routing problem to pickup medical waste from disperse hospitals. A
two-phased approach composed of a standard vehicle routing problem and a mixed-integer programming
method is proposed to find and assign routes to specific days of the week.
Reference [6] developed an IP model for the capacity constrained VRP to determine the most suitable routes
for the collection vehicles. They aimed to minimize the total cost of collecting the medical waste in the city of
Kırıkkale, Türkiye. The proposed solution improved the total monthly travel distance by 20,63% over the
actual practice.
Reference [7] studied the problem of transportation of waste from temporary warehouses to the main
warehouse. A three-step solution approach has been proposed. In the first stage, the amount of waste
generated at the addresses was estimated. In the second stage, the addresses to be visited are classified with
an approach based on a Pareto analysis. At the last stage, the problem is modeled as a heterogeneous multivehicle routing problem, which also takes into account the daily working hours and vehicle capacity
constraints.
The second type of models involves optimization of more than one objective function. The following studies
consider multiple objectives in collecting medical waste:
Reference [8] considered the collection of medical waste from hospitals in Eskisehir using a multi-objective
TSP model. The two objectives are to minimize the distance and minimize the average speed of the vehicles.
Several mathematical models are used to combine the objective functions. The most effective method to
combine the objective functions is determined.
Reference [9] addressed the problem of Multi-objective Vehicle Routing Problem with Time Windows
(MOVRPTW). The first objective aims to minimize the total travel time including the loading and unloading
time at the waste collection points. The second objective tries to minimize the transportation risk which is
measured by population exposure. The method is applied on a small sized problem.
Reference [10] developed a bi-objective MIP model for medical waste management during COVID-19
outbreak. They also collectively considered location-routing problem, time windows based green VRP,
vehicle scheduling, vehicle failure, split delivery, population risk and load-dependent fuel consumption for
medical waste.
Reference [11] offers an in-depth discussion of Solid Waste Collection (SWC) optimization objectives,
constraints, methods and the challenges towards targeting SWC. This review paper investigates different
waste collection objectives, constraints and their relation with sustainability. They also classified optimization
techniques according to methods, technologies, benefits and drawbacks. The challenges and issues of
different optimization approaches are highlighted.
Multi-objective optimization
Optimization problems look for a maximum or a minimum value in the objective function. They can possess
one or multi objective form. Problems with more than one objective are called multi-objective optimization.
We can find this type of problems in everyday life where there is no dominant objective such as cost, quality
and time.
MO optimization refers to finding the optimal solution of more than one desired goals.
Definitions
The following definitions are from [12] . Let " , $ %&' ( represent the decision variable vector, the feasible
decision space, and the corresponding feasible objective function space, respectively. Then the objective
function vector corresponding to " is )(") = ()! ("), )" ("), … , )# (.)) where )$ (") is the value of the
solution " in the kth objective and m is the number of objectives. We assume in the following all objectives
are minimized.
* A solution " ∈ $ is said to be efficient if there is no 0 ∈ $ such that )$ (1) ≤ )$ (.) for all objectives
and )$ (1) < )$ (.) for at least one objective. " is said to be inefficient if there exist such a solution 0. The
efficient set is the set containing all efficient solutions.
* A solution " ∈ $ is said to be weakly efficient if there is no 0 ∈ $ such that )$ (1) < )$ (.) for all
objectives and a solution " ∈ $ is said to be strictly efficient if there is no 0 ∈ $ 0 ≠ " such that )$ (0) ≤
)$ (") for all objectives.
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* )(") is said to be Pareto-optimal if " is efficient, dominated if " is inefficient, weakly Pareto-optimal if
" is weakly efficient, and strictly Pareto-optimal if " is strictly efficient. The Pareto-optimal set (frontier) is
the set consisting of all Pareto-optimal points.
* The extreme efficient solutions of a problem are the efficient solutions that have the minimum possible
value in at least one of the objectives.

2. MATERIALS AND METHODS
The following bi-objective MIP model is adopted from [13] and [14].

2.1. Model and Assumptions
In this model we assume the following:
* Each vehicle starts from and returns to a single location called depot.
* Vehicles are identical except for the capacity.
* Each medical center is visited by a single vehicle.
* The unit cost of collection is directly proportion to the distance travelled by the vehicle, thus the
minimization of distance travelled by all vehicles imply the minimization of total cost. We disregard all other
costs associated with the collection of medical waste.
Let & denote the number of medical centers and 5 = {1, 2, 3, … , &} represent the set of medical centers. Also
let 0 denote the incineration/sterilization station (depot) from which all vehicles start from and return to.
Consider the complete and directed graph ; = (<, =) represent the vehicle routing network where < is the
set of all locations including the depot < = {0, 1, 2, 3, … , &} and = = {(?, @) ∶ ?, @ ∈ <, ? ≠ @} is the set of all
arcs of the graph ;.

Let B denote the number of vehicles and the set C = {1, 2, … , B} represents the set of vehicles. Other
parameters of the model are given below:
5%D$ : the capacity of the vehicle E ∈ C (in kg.)

'%& : the distance between nodes ? ∈ < and @ ∈ <

F% : the quantity of medical waste to be collected from medical center ? ∈ 5

G%& : the risk associated with going from i to j for any vehicle ? ∈ <, @ ∈ <

The distances are measured on the Google map between considering the shortest paths. We also assume a
symmetric distance matrix.
Decision Variables:

1 ?) IJ&KJG ? ?L M?L?KJ' N1 MJℎ?IPJ E
1%$ = H
0
QKℎJGR?LJ
1 ?) IJ&KJG @ ?L M?L?KJ' @SLK %)KJG ? N1 KℎJ MJℎ?IPJ E
.%&$ = H
0
QKℎJGR?LJ

S%$ = the actual load on the vehicle E ∈ C after visiting center ? ∈ 5
The mathematical model can be stated as follows:
TN@ US&IK?Q& #1

W?& X X '%& X .%&$

(1)

TN@ US&IK?Q& #2

W?& X X G%& X .%&$

(2)

%∈( &∈(

%∈( &∈(

Subject to:
X F% 1%$ ≤ 5%D(E)
%∈(
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E∈C

$∈)

$∈)

(3)
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X 1%$ = 1

$∈)

?∈5

(4)

X 1+$ = B

(5)

$∈)

X .%&$ = X .&%$ = 1%$

&∈(

? ∈ <, E ∈ C

&∈(

(6)

S%$ − S&$ + 5%D(E) ∗ .%&$ ≤ 5%D(E) − F% ?, @ ∈ 5, ? ≠ @ LSIℎ Kℎ%K F% + F& ≤ 5%D(E), E ∈ C

(7)

X X '%& .%&$ ≤ \?LK%&IJ P?B?K

(9)

F% ≤ S%$ ≤ 5%D(E)
%∈( &∈(

.%&$ ∈ {0, 1}
1%$ ∈ {0, 1}

? ∈ 5, E ∈ C

(8)

(10)

?, @ ∈ <, E ∈ C

(11)

? ∈ <, E ∈ C

Objective function (1) minimizes the total distance travelled by all vehicles. Objective function (2) minimizes
the total risk involved. The constraints (3) are vehicle capacity constraints and ensure that the capacity of each
vehicle is not exceeded. Constraint (4) makes sure that each medical center is visited by exactly one vehicle.
Here, we assume that there exists a vehicle whose capacity is sufficiently large to handle the load by itself for
each medical center. Constraint (5) ensures that all m vehicles leave the depot. Constraints (6) connect the
decision variables x and y ensuring a continuous path for the vehicles. The constraints (7) and (8) are subtour
elimination constraints. This version of constraints is first proposed by Meller-Tucker-Zemlin [15].
Constraint (9) makes sure that the distance taken by each vehicle, does not exceed a distance limit denoted by
the parameter “Distance limit”. Constraints (10) and (11) specify the decision variables.

2.2. Case Study
In this case study, we consider the medical waste collection problem in the Eskişehir area as bi-objective
optimization problem. Although there are a number of medical centers, we only consider the largest n=10
medical institutions in the area. The company owns three identical vehicles (m=3) especially designed for the
collection and transportation of medical waste. We assume a carrying capacity of 2000 kg. for each vehicle
and there is a distance limit of 150 km. for each vehicle. We also assume single visit to each center daily. The
first objective aims to minimize the total distance travelled by all vehicles and the second objective minimizes
the risk involved going from one location to another. Distances taken by the vehicles are directly measured
from Google Maps web site and distance values represent the shortest actual travel distances on the existing
road network. The distances between locations are given in Table 1. The quantity of waste to be collected for
each medical center is difficult to find directly, they are estimated via the total number of inpatient beds
including the intensive care units [14].
Table 1. Travel distances between locations (km)
0
1
2
3
4
5
6
7
8
9
10

0
0.0
10.7
13.1
13.4
13.5
7.0
12.7
8.2
8.0
52.2
70.7

1
10.7
0.0
12.1
7.6
14.7
11.2
12.7
9.3
8.8
52.3
60

2
13.1
12.1
0.0
5.2
2.6
7.4
1.8
7.2
4.3
41.2
72.1

3
13.4
7.6
5.2
0.0
7.2
10.6
5.2
10.4
4.5
45.2
67.6

4
13.5
14.7
2.6
7.2
0.0
7.4
3.1
8.3
6.8
38.9
74.1

5
7.0
11.2
7.4
10.6
7.4
0.0
5.8
1.7
3.9
45.4
71.1

6
12.7
12.7
1.8
5.2
3.1
5.8
0.0
7.6
2.9
41.1
71.7

7
8.2
9.3
7.2
10.4
8.3
1.7
7.6
0.0
2.2
46.3
69.5

8
8.0
8.8
4.3
4.5
6.8
3.9
2.9
2.2
0.0
43.8
70.8

9
52.2
52.3
41.2
45.2
38.9
45.4
41.1
46.3
43.8
0
112

10
70.7
60
72.1
67.6
74.1
71.1
71.7
69.5
70.8
112
0
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Table 2. Risk levels involved between locations
0
15
15
18
18
8
14
10
15
40
50

0
1
2
3
4
5
6
7
8
9
10

1
15
13
8
18
13
10
20
20
35
45

2
15
13
8
6
12
4
14
12
30
45

3
18
8
8
10
12
10
14
20
30
50

4
18
18
6
10
12
8
16
15
30
55

5
8
13
12
12
12
10
5
15
35
55

6
14
10
4
10
8
10
20
8
30
50

7
10
20
14
14
16
5
20
10
40
55

8
15
20
12
20
15
15
8
10
38
55

9
40
35
30
30
30
35
30
40
38
70

10
50
45
45
50
55
55
50
55
55
70
-

2.3. Pareto-optimal frontier
The ]-constraint method [16] is used to find efficient route plans and generate the Pareto-optimal frontier.
This is a well-known method used in multi-objective optimization. It optimizes only one objective while the
other objectives are added as new constraints into the objective function with a limitation on ].
Here we choose objective function (2) of the MO model as a constraint resulting in the following single
objective model. Efficient solutions can then be found by solving this model repeatedly varying the value of ε
at each run.

W?& ^ = X X '%& X .%&$ + _ X X G%& X .%&$
%∈( &∈(

Subject to:

$∈)

%∈( &∈(

(12)

$∈)

X X G%& X .%&$ ≤ ]
%∈( &∈(

(13)

$∈)

Constraints (3) - (11)
The objective function (12) basically minimizes the total distance travelled by the vehicles. The total risk
multiplied by a sufficiently small constant _, is added to the total distance travelled to get a Pareto-optimal
solution when solved. The optimal solution of this model is an efficient solution and it is possible to generate
the Pareto-optimal frontier by choosing different ] values for the RHS of the constraint (13)

3. RESULTS AND DISCUSSION

The ] - constraint method [16] is coded in GAMS and the optimal solutions are obtained almost immediately
given the small size of the input data. A total of n=11 points including the depot are considered and k=3
vehicles and _ = 0.01 values are used. Vehicles are not restricted to a travel distance limit. The vehicle
routes and their corresponding risk values are given in Tables 3-5.
Vehicle
#1
#2
#3
Total

Vehicle
#1
#2
#3
Total
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Table 3. Optimal vehicle routes with k=3 vehicles and !=500
Vehicle Routes

0 - 1 - 10 - 0
0-5-7-8-0
0-6-9-4-2-3-0

Distance
Travelled (km)
141.4
18.9
113.9
274.2

Risk Value
110
38
106
254

Table 4. Optimal vehicle routes with k=3 vehicles and !=253
Vehicle Routes

0 - 10 - 1 - 3 - 0
0-5-0
0-7-8-6-2-9-4-0

Distance
Travelled (km)
151.7
14.0
108.7
274.4

Risk Value
121
16
110
247

Optimal z
Value
276.74

Optimal z
Value
276.87
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Vehicle
#1
#2
#3
Total

Table 5. Optimal vehicle routes with k=3 vehicles and !=246
Vehicle Routes

0-9-4-2-6-8-7-0
0-5-0
0 - 10 - 1 - 3 - 0

Distance
Travelled (km)
108.8
14.0
151.7
274.5

Risk Value
108
16
121
245

Optimal z
Value
276.95

Each table corresponds to an efficient point on the Pareto-frontier. All three points are shown in Figure 1
below. Information about points A, B and C in Figure 1 is given in Tables 3, 4 and 5, respectively.

Figure 1. The Pareto-optimal Frontier

When Figure 1 is investigated it is seen that only three efficient and feasible solutions are available. Point A
has a total risk score of 254 and a total distance value of 274.2 km. Point B has a total risk score of 247 and a
total distance of 274.4 km. And Point C has a total risk score of 245 and a total distance of 274.5 km. It is
observed that all three solutions have total distance values very close to each other. This type of situation
occurs in general when the two objective functions do not have a conflicting nature. In fact, the risk score of a
route is assumed to be proportional to the distance traveled and also to the population through which it passes.

4. CONCLUSION
This study presents a bi-objective MILP model for medical waste collection problem in the city of Eskisehir,
Türkiye. The first objective function aims to minimize the total distance travelled by all vehicles whereas the
second objective minimizes the risk associated with collection and transportation of medical waste. Three
Pareto-optimal (efficient) solutions are found for collection vehicles considering only the ten largest medical
institutions. The trade-off between distance and risk is shown in a Pareto-optimal frontier.
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Valuable Component Recovery from
Sunflower Oil Production Waste
Müberra Nur Kılıçarslan1, Mehmet Emin Argun2
Abstract
The evaluation of wastes from edible oil production industry has increasing importance because of
resources deficiency and growing population day by day. It was aimed to investigate the recovery potential
of oil and valuable components such as total flavonoid content (TFC) and antioxidant activities with
conventional and green extraction methods from edible sunflower oil production wastes. Firstly, Soxhlet
extraction was applied on the waste samples from filtration of the oil and then supercritical CO2 (SC- CO2)
extraction was performed to compare extraction yield. The statistical evaluation of the SC- CO2 extraction
experiments was conducted with the Minitab Software program. It was concluded that 33% extraction yield
was obtained with the mixture of perlite and waste sample, while the highest recovery was observed as 23%
for the perlite-free sample. The interaction of independent variables (temperature and pressure) on the
recovery yields were determined as significant (p=0.002). Pressure was detected more effective on the
valuable substance contents of the extracts than temperature. The most efficient conditions were 40 oC and
20 MPa for oil recovery, while 50-60 oC and 20 MPa for valuable substance recovery.
Keywords: Sunflower oil, Waste, Supercritical CO2 extraction, Value added content, Upcycling

1. INTRODUCTION
The importance of food production waste has increased to rising of food supply. Sunflower oil is the most
consumed oil product in the World [1]. By-products of sunflower oil contain valuable components that can be
used in the food industry [2]. Bio-oil production from sunflower seed husks by hydrothermal pre-treated
pyrolysis has been reported as a recovery method [3]. Another study focused on the antioxidant activities of
polysaccharides from the pulp of sunflower oil production [4]. Jagruti et al. investigated the use of sunflower
acid oil, which is a waste from vegetable oil refinery, as glucose-containing feedstock for sophorolipid
production [5]. In recent years, SC-CO2 has been used as an innovative and environmentally friendly extraction
method to produce high quality product yield [4]. Athar Daraee et al (2019) studied the SC-CO2 extraction of
chlorogenic acid from sunflower (Helianthus annuus) seed kernels [6].
In all these studies, it is aimed to contribute to the food industry. However, as far as we know, the residual oil
and valuable component potential in different fillers used in sunflower oil production stages has not been
studied. At the same time, while many studies focus on a single waste material, our study aimed to evaluate
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several production wastes. Therefore, the recovery potential of oil and valuable components from sunflower oil
production waste was investigated with SC-CO2 extraction.

2. MATERIALS AND METHODS
2.1. Materials
Samples were obtained from Guzeloglu food - Zevk sunflower oil factory (Konya, Turkey). Three types of
waste are generated from the production of sunflower oil after different processes such as sunflower pulp which
is de-oiled with hexane, waxy perlite (WP) soil and oily bentonite (OB) soil.

2.2. Experimental Design
The effect independent variables of pressure and temperature on the SC-CO2 extraction was studied according
to the experimental design (central composite design) created by using Design Expert statistical program for
the WP sample (Table 1). The results were statistically evaluated by ANOVA test. Also, the effect of mixing
expanded granular perlite with the wastes on SC-CO2 extraction was investigated.
Table 1. Ranges of independent variables in the experiments
Independent Variables
Temperature (°C)
Pressure (MPa)

Min value
36
7,93

-1
40
10

Midpoint
50
15

+1
60
20

Max value
64,1
22,1

2.3. SC-CO2 Extraction
SC-CO2 extraction was conducted with the SUPEREX F-500 device (Biosan, Superex comp., Türkiye). The
extractor has 500 mL column, pressure and temperature can be increased up to 34.5 MPa and 70 °C,
respectively.
For extraction experiments, 10 g sample was placed into device and falcon tube, in which the extract will
accumulate, was placed in separator chamber. The CO2 pump was started after temperature reached the desired
value. The extraction process was carried out for 2 hours, the first 30 minutes being static and 90 minutes of
dynamic flow mode. The extracts obtained from WP and OB were abbreviated as WPE and OBE, respectively.

2.4. Analysis Methods
Oil-grease analysis was done with Soxhlet gravimetric method [7] to determine extraction yield of the SC-CO2
extraction. Extraction efficiency was calculated by dividing the amount of extract obtained by SC-CO2
extraction by the oil-grease content determined by the Soxhlet method.
The changes in the components of the extracts were monitored by total flavonoid contents (TFC) and
antioxidant activity assays (ABTS and DPPH). TFC of the samples were analyzed according to Zhishen et al
[8]. Trolox equivalent antioxidant capacity were spectrophotometrically measured in respect of DPPH and
ABTS radical scavenging activities (Hach-Lange, Dr 5000). DPPH radical scavenging capacity of the samples
and extracts were determined using 0.1 mM DPPH (2,2-diphenyl-1-picryhydrazyl radical) according to the Yu
et al. (2002) [9]. Radical cation scavenging capacity was determined with ABTS solution [10].

3. RESULTS AND DISCUSSION
3.1. Oil Recovery from the Waste Materials
Volumetric (v/v) and gravimetric (w/w) oil recovery (OR) efficiencies for SC-CO2 extraction of the WP ranged
from 0.3% to 9% and from 0.3% to 8%, respectively (Figure 1). It was observed that amount of the extracts
increased with the increase of pressure and decrease of temperature, and it was maximizing above 20 MPa.
Similar to our results, it was reported that increased pressure (28-34 MPa) of SC-CO2 and milling time of chia
seeds increased oil yield, but higher temperature (60-80 °C) could decrease the yield [11].
Higher extraction yields were obtained for SC-CO2 extraction of the OB waste samples than WP. The yields
for OB wastes ranged from 7% to 26% (v/v) and from 4% to 23% (w/w), respectively. Extraction of expanded
granular perlite (10 g) and OB waste sample (20 g) mixture with SC-CO2 at 40 °C and 20 MPa was also
investigated to increase the amount of extract. Oil recovery efficiency increased from 23% to 33% (w/w) by
using the expanded perlite. It was concluded that interaction between SC-CO2 and waste sample was increased
by expanded perlite because of its high surface area.
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Although higher extract amount can be obtained by using conventional chemicals such as hexane [12], it should
be stated that SC-CO2 extraction provides more stable, healthy extracts and lower toxic residue.
Design-Expert® Software
Factor Coding: Actual
OR (%, v/v)
9.0

Software
OR (%,Design-Expert®
v/v)
Factor
Coding: Actual

60

0.3

0.3

2

X1 = A: Pressure
X2 = B: Temperature

X1 = A: Pressure
X2 = B: Temperature

55

55

50

B: Temperature (oC)

B: Temperature (oC)

4

6

4

2
50

6
45

45

2

(a)

OR (%, w/w)

60

OR (%, w/w)
7.9

8

40
10

12

14

16

18

(b)

20

40
10

12

14

16

18

20

A: Pressure (MPa)

A: Pressure (MPa)

Figure 1. Binary effects of temperature and pressure on the oil recovery (OR) efficiency calculated by
using (a) extract volume of WP and (b) extract mass of WP

3.2. The Change of Valuable Components
TFC which was the main phenolics in the extract increased at the high pressure and temperature for WP extracts,
while similar results were also obtained at lowest conditions (Figure 2). Similarly, maximum TFC concentration
for OBE was obtained as 7415 mg QE /L at the condition of 60 °C and 20 MPa (Table 2). It can be said that
the increase in polarity of CO2 at high pressure increases the solubility of polar phenolic compounds such as
flavonoids in CO2.
Antioxidant scavenging assays in respect of DPPH and ABTS radicals for WPE increased significantly by SCCO2 extraction compared to conventional extraction method (Soxhlet). The highest antioxidant activity of WPE
was achieved at 40 °C and 20 MPa for DPPH assay and 60 °C and 20 MPa for ABTS assay. Pressure was
determined as the most effective experimental variable like for TFC results. The highest recovery of valuable
compounds for OBE was obtained at the operating conditions higher than 50 °C and 20 MPa (Table 2). In
addition, the extract of the perlite-OB mixture had lower antioxidant capacity than OBE, while it had average
TFC value.
Table 2. The effect of experimental conditions of the SC-CO2 extraction on the oily bentonite (OB) extracts
Temperature
(°C)

Pressure
(MPa)

TFC
(mg QE/L)

DPPH
(µM TE)

ABTS
(µM TE)

Oily Bentonite Extract
(OBE)

50
40
60
50

22,1
20
20
15

4473
3269
7415
4492

516
375

1084
825
423
538

Mixture of perlite and
oily bentonite (OB)

40

20

3639

-

278

Sample

Antioxidant activity of the WPE was between 90 and 1878 µM TE in respect of ABTS assay, while it was
found between 57 - 220 µM TE for DPPH assay. Less antioxidant activity was found for OBE compared to the
WPE sample. It was reported that antioxidant activity in the extracts of sunflower by-product obtained by using
microwave-assisted extraction was in the range of 180 to 266 µM TE [12]. Although we obtained similar results
with the literature, the antioxidant activity showed a wide range of variation. This may be a result of variation
of the extracted compounds, which may be responsible for the antioxidant activity, under different experimental
conditions.
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Design-Expert® Software
Factor Coding: Actual
TFC (mg QE/L)
1756.7

TFC (mg QE/L)

60

3.3

1500

1000

X1 = A: Pressure
X2 = B: Temperature

B: Temperature (oC)

55

50

1000
45

1500

500
40

(a)

10

12

14

16

18

20

A: Pressure (MPa)
Design-Expert® Software
Factor Coding: Actual
DPPH (uM TE)
827.498

DPPH (uM TE)

Design-Expert® Software
Factor Coding: Actual
ABTS (uM TE)
1438.62

60

ABTS (uM TE)

60

89.3515

28.6757

100

55

B: Temperature (oC)

X1 = A: Pressure
X2 = B: Temperature

200

50

300

55

B: Temperature (oC)

X1 = A: Pressure
X2 = B: Temperature

400

500

800

50

1000

600
45

45

(b)

1200

40
10

12

14

16

A: Pressure (MPa)

18

20

(c)

40
10

12

14

16

18

20

A: Pressure (MPa)

Figure 2. Binary effects of the experimental variables on the valuable components; (a) TFC value, (b)
DPPH assay and (c) ABTS assay

3.3. Statistical Analysis
OR efficiencies in respect of the volumetric and mass recovery of WPE statistically resulted significant in
quadratic model (p value: 0.0015 and p value: 0.0010). The most significant variable on OR value was pressure
(volumetric; p value: 0.0003 – mass; p value: 0.0002) while two independent variables were also had great
significance (Table 3). Similar results have reported in literature regarding the significance of experimental
variables for extraction of sunflower seed kernels by SC-CO2 extraction method [6].
The effect of experimental variables on the TFC and ABTS values was not statistically significant (p value:
0.099 and p value: 0.076, respectively). However, it was observed that experimental variables have significant
effect on the DPPH antioxidant activity values of the extracts (p value: 0.035). Pressure was more effective on
the recovery of valuable compounds than temperature (Table 3).
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Table 3. ANOVA results for oil recovery (OR) efficiency and extract quality parameters of the studied waste samples

ANOVA terms

OR

OR

DPPH•

ABTS•+

TFC

(%, v/v)

(%, w/w)

µM TE

µM TE

mg QE/L

F
Source

p

Quadratic

F

p

Quadratic

F

p
Linear

F

p

F

p

Linear

2FI

Model

41.9

0.0015

51.2

0.001

5.61

0.035

3.81

0.076

3.29

0.099

Temperature
Pressure
Lack of Fit

28.5
147
-

0.0059
0.0003
-

33.9
185
136

0.004
0.0002
0.06

0.45
10.76
245

0.522
0.014
0.049

1.28
6.34
26.41

0.295
0.040
0.148

0.019
0.33
966

0.895
0.587
0.024

Std. Dev.

0.61

0.50

180.4

371.5

490.5

Mean

3.70

3.20

308.5

884.6

1199.6

C.V. %

16.4

15.6

58.5

42.0

40.9

R-Squared

0.98

0.99

0.62

0.52

0.62

Adeq Precision

16.0

18.2

5.98

4.71

5.52

4. CONCLUSION
It has been observed that SC-CO2 extraction was more effective on the oily bentonite (OB) wastes to recover
oil and valuable components than waxy perlite (WP) waste. The ANOVA tests of the developed models resulted
in high coefficient of determination for oil recovery values for extract volume (R2 = 98%) and mass (R2 = 99%).
It was detected that pressure variable was the most important variable affecting the significance for all analyses.
No significant relationship was found between TFC value and independent variables of SC-CO2 extraction. Oil
recovery (33%) significantly increased with the addition of perlite to the waste sample before SC-CO2
extraction. Due to the high TFC and antioxidant content in the extracts, it may be possible to use these products
in different sectors (cosmetics, pharmaceuticals, food, etc.).
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Management of Coal Combustion Products
Originated from Thermal Power Plants in
Türkiye
Kadir Özçelik1, Kadriye Elif Maçin2, Osman Atilla Arıkan3
Abstract
Coal combustion products (CCPs) from thermal power plants may pose many potential risks to the
environment and human health, therefore, conducting proper management of CCPs is very important.
Coal is still one of the major energy resources in Türkiye. The purpose of this study is to present the
general situation of the CCPs management system in Türkiye. In this context, the amount and
management of CCPs in Türkiye are given as well as management methods. The amount of CCPs
generated in Türkiye is ~21 million tons/year in 2019. CCPs can be used in areas such as soil
improvement, the construction industry, the ceramic industry, zeolite synthesis, and precious metal
recovery within the scope of reuse and recovery. However, in Türkiye ~18.8 million tons of CCPs (88%)
are disposed to surface impoundments or landfills, which only accept inert materials. This study suggests
the circulation of CCPs by reusing fly ash in concrete industries instead of disposing of it in ash ponds
and landfills.
Keywords: Circularity, coal combustion products, fly ash, inert waste, power plants, waste management.

1. INTRODUCTION
In recent years, coal combustion products (CCPs) have been gaining attention and being researched in terms
of both excessive amounts and possible negative environmental impacts. As coal-fired thermal power plants
play a major role in electricity generation in Türkiye the CCPs amounts are increasing. The most important
method in the management of CCPs is to increase the secondary use of materials in different areas and be
disposed of in a way that will minimize environmental impacts [1]. In Türkiye, the vast majority (88%) of
CCPs are disposed of by being stored in surface impoundments and landfills [2]. Therefore, it is necessary to
develop a waste management (WM) strategy supported by regulations and sustainability approaches such as
the circular economy (CE). Different methods such as recycling and recovery and are applied in the
management of CCPs. In this way, the CCPs are evaluated in new areas and the disposal method is no longer
the only option. This study aims to determine the most appropriate strategies for the management of CCPs
originating from thermal power plants in Türkiye. Therefore, the management methods applied and their
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compatibility in Türkiye are examined to determine the most appropriate strategies. Reducing the disposed of
CCPs and increasing the usage of CCPs directly or indirectly in different industries are suggested strategies.

2. CCP MANAGEMENT IN TÜRKİYE
CCPs in Türkiye are managed according to the "Regulation on Waste Management and Regulation on Waste
Landfilling" [3]. The purpose of the Regulation on WM is the determination of the general principles for the
management of wastes from their generation to their disposal without harming the environment and human
health. The purpose of the Regulation on Waste Landfilling is to determine the technical and administrative
issues and the general rules to be followed on the disposal of wastes by landfill method [3]. Ministry of
Environment, Urbanization and Climate Change (CSIDB) defines the waste types based on their industry.
Therefore, specific codes are identified for the waste originating from coal combustion processes (Table 1)
[4]. Management of CCPs should be conducted on-site or off-site without having any other waste types.
According to the Regulation on Waste Landfilling, it is required to apply eluate analysis to the waste
generated from any facility to obtain a classification of waste.
Table 1. Codes of CCPs accepted in disposal sites in Türkiye [4]
Waste Code

Description of Waste Code

10 01 01

Bottom ash, slag and boiler slag (Except the slag listed under 10 01 04 code)

10 01 02

Fly Ash

10 01 05

Calcium-based solid waste originated from desulphurization of flue gas

10 01 07

Calcium-based sludge originated from desulphurization of flue gas

CCPs management differs from the management of municipal solid waste (MSW). MSW is generally
managed by municipalities or regional unions of the cities. However, CCPs are collected and disposed of by
thermal power plant companies. Zero waste management practices are increasing rapidly all over the world,
including in Türkiye. Circular economy as a new concept for reuse or recovery of the material which is often
called waste needs to be evaluated especially on CCP reuse and recycling in different industries (Figure 1).

Prevent
Reduce
Reuse
Recycle
Disposal

Figure 1. Waste management hierarchy and circular economy concepts

2.1. Coal usage and CCP production in Türkiye
Large-scale thermal power plants based on coal consume approximately 77 million tons of coal annually in
Türkiye and the majority of it is lignite [5,6]. Approximately 10-50% of the lignite coal comes out as CCPs in
thermal power plants [7]. The amount of CCPs generated in Türkiye was ~21 million tons in 2019 and this
amount was generated from the relatively 12 large-scale thermal power plants (Figure 2) [5,6].
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Figure 2. Location of selected thermal power plants in Türkiye for the study

In the Turkish Cement Manufacturers Association report, the amount of CCPs formed in 2009 was 13 million
tons. According to this data, the total amount of ash formed annually in Türkiye has increased 1.6 times in ten
years [8]. This means CCPs generation increased by roughly 800,000 tons annually. This shows that the
amount of CCPs formed with the increase in coal consumption due to the increase in energy needs over the
years. A considerable amount of CCPs is sent to disposal sites that have been operated for over 30 years. In
this case, management of CCPs in Türkiye should be conducted along with circular economy concepts which
prioritize resource protection. Information on consumed lignite amount, lignite characteristics, and the
amount of coal consumption product produced from 12 different large thermal power plants in Türkiye is
given in. Table 2.
Table 2. The amount of lignite consumed, its characteristics, and the amount of ash produced in thermal power plants with
a capacity of more than 200 MW in Türkiye in 2019 [5,6]
Power Plant
Afşin-Elbistan B
Afşin-Elbistan A
Soma
Yatağan
Kemerköy
Çayırhan
Seyitömer
Kangal
Yeniköy
Tunçbilek
Çanakkale Çan (18 Mart)
Orhaneli
Total

Capacity
(MW)
1440
1355
990
630
630
620
600
457
420
365
320
210
8,037

Amount of Coal
Consumed
~ (ton/year)
10,500,000
20,800,000
8,000,000
5,460,000
6,000,000
6,000,000
6,000,000
5,000,000
4,000,000
2,275,000
2,000,000
1,300,000
77,335,000

CCP Amount
~%
10.8
15.3
30
20.5
27.8
21.5-38
35-40
19.2-21.5
29
42.4
30.4
23.8
-

Sulphur
Content
~%
2
1.40
0.98
1.73
2.7
3-5
1.50-2,0
1.50-2.30
1.80-4.0
3.43
1.9
-

CCP Amount
~ (ton/ year)
2,250,000
3,180,000
3,600,000
1,360,000
2,000,000
2,500,000
2,050,000
1,040,000
1,000,000
1,100,300
1,000,000
300,000
21,070,000

2.2. Reuse and recovery of CCPs
There are various reuse areas of CCPs in the literature, especially applied in the management of fly ash,
which has a larger percentage in terms of quantity. These usage areas are soil reclamation, the construction
industry (cement and brick additive), the ceramic industry, zeolite synthesis, and precious metal recovery. Fly
ash has a wide range of uses, especially with its fine material structure and binding and binding properties.
Fly ashes are materials that can be used as pozzolans due to their pozzolanic properties [9]. Compared to the
amount of fly ash, the presence of binder materials such as ground blast furnace slag, silica fume, metakaolin
and rice husk, ash is limited [10]. Therefore, fly ash is the most commonly used pozzolanic type of additive in
construction material [11]. Due to these properties, it is widely used as cement and concrete additives,
especially in the construction industry. Chemical compositions of fly ash samples from different thermal
power plants in Türkiye are given in Table 3.
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Table 3. Chemical compositions of fly ash samples from different thermal power plants in Türkiye [8]

Power
Plant
Oxide

Afşin
Elbista
nA
Avg.(%
)

Orhanel
i

Çatalağ
zı

Seyitö
mer

Yatağ
an

Tunçbi
lek

Soma

Kangal

Yenikö
y

Kemer
köy

Avg.(%)

Avg.(%
)

Avg.(
%)

Avg.(
%)

Avg.(
%)

Avg.(
%)

Avg.(
%)

Avg.(
%)

Avg.(
%)

SiO2

18,27

48,53

58,75

54,49

51,5

58,25

44,04

34,03

16,34

25,20

Al2O3

9,16

24,61

25,24

20,58

23,08

16,67

22,07

14,93

10,65

12,58

Fe2O3

3,26

7,59

5,76

9,27

6,07

12,93

4,37

4,41

5,06

5,98

CaO

53,44

9,48

1,46

4,26

10,53

1,95

20,95

31,91

39,41

38,49

MgO

1,75

2,28

2,22

4,48

2,42

5,08

1,66

1,73

1,49

1,27

SO3

11,41

2,48

0,08

0,52

1,32

0,76

2,55

6,95

23,95

13,88

K2O

0,38

2,51

4,05

2,01

2,54

1,37

1,22

1,01

1,45

1,18

Na2O

0,19

0,35

0,6

0,65

0,77

0,34

0,34

0,65

0,49

0,41

LOI*

2,12

1,69

1,12

3,01

1,06

2,12

2,09

3,60

0,68

0,50

0,012

0,005

0,015

0,0058

0,0028

0,002

0,009

0,007

0,011

0,014

12,24

0,11

0,13

0,26

0,99

0,16

7,66

7,65

1,91

7,15

12,00

34,06

34,18

39,01

26,69

40,22

31,50

27,73

11,81

17,61

36,74

7,58

0,65

2,49

9,02

1,03

17,71

23,01

24,96

28,32

-

Cl
Free.
CaO
Rxn*SiO
2

Rxn*
CaO
*: Reaction

In Türkiye; in the 1960s, it was decided to use fly ash to construct Gökçekaya and Porsuk dams to reduce the
heat of hydration [12]. The Turkish Standards Institute (TSI) prepared and published fly ash (TS 639) and fly
ash cement (TS 640) standards. Apart from dam applications of the General Directorate of State Hydraulic
Works, fly ash was used for trial purposes in some bridge and road constructions of the General Directorate
of Highways. A limited amount of ash was used in cement with additives. In the past, the use of fly ash in the
country has been limited to such applications.
In recent years, the development of the ready-mixed concrete industry and new cement and concrete
standards adapted from Europe have increased the interest in fly ash in the cement and concrete industries
[12]. First of all, reuse, recovery, and recycling of CCPs should be applied according to the waste hierarchy,
and then the remaining part can be disposed of in the landfills and surface impoundments (ash ponds)
concerning regulations. Classification of fly ash provides more effective use in reuse, recycling, and recovery
practices, especially in specific industries. Since fly ash is not classified as hazardous waste, extensive
research has been carried out on the use of fly ash in various sectors for more than three decades.
In general, fly ash use programs can be examined from two aspects: reducing their environmental impact and
addressing disposal problems [13]. In the last 60 years, although there have been various attempts to use fly
ash in different fields, especially in the construction sector, its use has not become widespread in Türkiye.
With the increase in the amount of ash formed in the elapsed time, reuse, recovery, and improvement studies
should be increased again. In this way, possible negative effects can be minimized by reducing the amount of
ash that needs to be disposed of by storage. CCPs that cannot be recovered or recycled can be disposed of by
appropriate disposal methods.

2.3. Disposal of CCPs
CCPs that cannot be recovered or recycled should be disposed of by appropriate management strategies.
CCPs are generally disposed of using different areas such as; surface impoundment, landfills, and old mining
sites. Surface impoundments (ash ponds) and landfills described a site as a thermal power plant disposal
facility. This site may be old sand, gravel, or coal mine. Two different methods are applied in the disposal of
CCPs in ash storage areas these can be listed as dry and wet storage methods. Wet disposal is mostly applied
in cases where CCPs are disposed of on-site. CCPs are conveyed to a point close to the site by belt conveyors
and then spread out to the field by being fluidized with additive water. Another method applied in wet
disposal is to transfer the CCPs formed in the power plant directly to the storage area with the help of pipes
and pumps after being fluidized with water and spread out to the area (Figure 3). These methods are applied
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more frequently when disposal sites are close to the thermal power plant due to a low pipe and belt conveyor
costs.

Figure 3. Dry and wet ash disposal methods [14].

In the dry storage method, the CCPs are transported to the landfill by trucks or conveyors and then compacted
with caterpillars. CCPs can be slightly moistened to prevent dust formation during transport. This method is
mostly preferred in cases where the ash storage area is far from the thermal power plant. In Türkiye,
approximately 88% of CCPs are disposed of in surface impoundments and landfills [2]. Therefore, there is a
need for this method to change in Türkiye. Disposal procedures can be carried out to prevent the potential
damages that CCPs may cause to the environment and nature; therefore, disposal sites are designed and
operated by regulations and legislation.

3. CONCLUSION
CCPs management in Türkiye has been improving especially in the last decade. The majority of CCPs are
disposed to surface impoundments or landfills. Management of CCPs is carried out generally by thermal
power plants company. There is progress, but it is not enough. Therefore, concepts like circular economy
should be applied also to CCPs. According to the waste hierarchy, the disposal should be a last resort.
Thermal power plants company is forced to afford the cost of transport and disposal costs of CCPs. The
CCPs’ management is directly related to the environment and public health. For this reason, improvements in
this area will affect the ecology positively. Reuse and recovery activities’ increase will make profits to the
economy. It is suggested that rather than disposing of the CCPs directly in the landfills, it is important to
conduct R&D studies with help of circular economy concept. This will decrease the share of CCPs amount
sent to disposal facilities and increase the life of the material in the cycle.
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VUV Induced Photodecomposition of Reactive
Textile Dyes with No Sludge Production
Halil Derin1, Selim Latif Sanin2
Abstract
Reactive textile dyes (RTD) are widely used in textile industry and they are commonly found in aquatic
systems. Vacuum Ultraviolet (VUV) process is among the promising effective and green water/wastewater
treatment processes and was applied for the decomposition of aqueous RTD namely, Synozol Red KH-L
and Synozol Yellow KH-L with the aim of minimizing sludge production during the treatment. The effects
of flow rate, initial pH, initial RTD concentration, sleeve materials and NaCl were reported. Our VUV
focused treatment results show that flow rate had marginal impact, pH played an important role, slowest
at pH=11, for the discoloration rate of RTD. Presence of NaCl decreased the decomposition of RTD.
Synthetic high purity quartz sleeve significantly enhanced the elimination of RTD, increasing
discoloration rate constant as almost 6 times higher. Kinetic analyses showed that VUV induced
discoloration of RTD followed a pseudo first order reaction kinetic. The results of this study indicate that
the VUV based Advanced Oxidation Process (AOP) can successfully and environmentally decompose
RTD in water with no sludge production and without requiring addition of chemicals to produce hydroxyl
radical (•OH).
Keywords: Advanced Oxidation Process, Hydroxyl Radical, Reactive Textile Dyes, Vacuum Ultraviolet

1. INTRODUCTION
Anthropogenic activities including textile industry have caused pollutions of water sources with various
pollutants most of which are recalcitrant and not easily degradable in nature. Evidently, textile industry
generates large amount of highly colored wastewater that is generally toxic to aquatic lively beings and
resistant to be destructed by conventional treatment methods [1]. Synthetic dyes are the major textile industry
contaminants to receiving water bodies [2]. Reactive dyes are the most abundantly exploited synthetic dyes in
textile industry due to their various properties. Textile wastewaters containing the reactive dyes cause various
environmental problems by decreasing sunlight penetration and oxygen concentration as well as being
persistent to biological and hydrolytic degradation in aquatic systems [1,3]. Therefore, textile wastewaters
must be treated properly before they are discharged into receiving water bodies. Unfortunately, conventional
physical, biological and/or chemical treatments of such wastewaters also produce excessive amount of sludge
that is not only a burden on treatment budget, time and space but also a challenging problem for storage and
management of solid wastes. On the other hand, Advanced Oxidation Processes (AOPs) that require addition
1
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of oxidants, catalysts or combination of them to generate highly reactive radicals, particularly hydroxyl
radical (•OH) to treat and oxidize target pollutants effectively, are the promising technology for the effective
removal of RTD from aqueous media. Alternative AOPs, H2O2/UV, UV/TiO2, electron beam
irradiation+H2O2, O3, H2O2/O3, fenton processes have been utilized for the treatment of such contaminants [14]. However, added chemicals may cause additional challenges and risks for water/wastewater treatments
such as pH adjustment and accordingly close monitoring of system’s pH, increase in sludge production,
additional treatment steps to remove the added chemicals from sludge and/or water/wastewater, generation of
ozone at site, management of the chemicals, requirement of skilled personnels, and etc. Effective and
sustainable removal of RTD from water matrix with minimal amount of sludge production requires
development of innovative and advanced technologies. In contrast to other AOPs, VUV irradiation of water
produces high concentration of •OH without addition of chemicals [5]. In this study we aimed a feasible, safer
and greener treatment of two RTD, Synozol Red KH-L (hereinafter Red) and Synozol Yellow KH-L
(hereinafter Yellow) in water by VUV based AOP while minimizing sludge production.

2. MATERIALS and METHODS
2.1. Chemicals
Commercially available two reactive dyes, Synozol Red KH-L and Synozol Yellow KH-L in solid state
provided from Kisco Corp. (Turkey) were used in decomposition experiments. Sodium chloride (NaCl) was
supplied from Sigma-Aldrich. HPLC grade methanol (CH3OH, ³%99.9, Merck) was used for actinometric
measurements. H2SO4 (95-97%, Merck) and NaOH (98-100.5%, puriss, Sigma-Aldrich) were used to adjust
the initial pH of solutions. Ultrapure water obtained from Elga PureLab ultrapure water system with
resistivity of 18.2 MW.cm was used in all experiments as well as in analytical studies. Aqueous stock
solutions of RTD (2000 mg/L) were refrigerated at 4 oC and kept in the dark where they were stable and
steady for several months. Working solutions of RTD were prepared daily by diluting the stock solution with
ultrapure water to predetermined concentration (10 – 50 mg/L).

2.2. Experimental Setups
Decomposition experiments of aqueous RTD were executed using a laboratory scale semi-batch VUV
photooxidation system. Schematic diagram of the VUV photooxidation system is depicted in Figure 1. A 14
W low pressure mercury lamp, referred hereinafter as VUV lamp, (LightTech, GPH287T5/VH/4) emitting
both 185 and 254nm photons was used in experiments as irradiation source. The Photooxidation system was
consisted of a stainless steel annular flow through photoreactor, a VUV lamp, a synthetic quartz sleeve, a
glass reservoir, a peristaltic pump, a magnetic stirrer, and teflon piping between the photoreactor and the
reservoir. Irradiated volume of the photoreactor after the VUV lamp and the synthetic quartz sleeve were
enclosed into was 360 mL, while its total volume was 485 mL. The outer diameter and arc length (effective
illumination length) of the VUV lamp used were 15 mm and 207 mm, respectively. Photon Flux (PVUV) of the
VUV lamp at 185 nm photon determined using methanol actinometry method [6,7] was found as 4.18 x 10-7
molphoton s−1. The VUV lamp was inserted into the synthetic quartz sleeve not only primarily to allow passage
of the both 185 and 254 nm photons into the solution but also to prevent breakage, leakage and fluctuation of
temperature. Inside and outside diameters of the sleeve were 20 mm and 23 mm, respectively which resulted
with a 1.5 mm wall thickness. The reactor gap, in other words radial distance between inside wall of the
annular reactor and outside wall of the synthetic quartz sleeve, in which solution flows, was 13.5 mm. ColeParmer Masterflex L/S peristaltic pump with maximum flow rate capacity of 1000 mL/min was used for
recirculation of the experimental solutions. Initial and final pH, conductivity, and temperature values were
measured by a Seven excellence laboratory pH and conductivity meter (Mettler-Toledo).
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Figure 1. Schematic diagram of the VUV photooxidation system (1: Annular photoreactor, 2: Experimental solution, 3:
Quartz sleeve, 4: Space between sleeve and VUV lamp, 5: VUV lamp, 6: Peristaltic pump, 7: Reservoir, 8: Magnetic
stirrer, 9: N2 cylinder, 10: O2 cylinder)

2.3. Experimental Procedures
Prior to decomposition experiments, adsorption of aqueous RTD onto system components was investigated
by circulating a 10 mg/L concentration in the system for one hour without turning the VUV lamp on.
500 mL working solution containing appropriate amounts of RTD (10 – 50 mg/L) was recirculated between
the photoreactor and the reservoir by a peristaltic pump at a predefined flow rates (350 - 750 mL/min) during
the VUV induced discoloration experiments. The VUV lamp was turned on 30 minutes prior to the
experiments to warm up the lamp and to reach stable photon output. In order to ensure good mixing during
the decomposition experiments, RTD solution was magnetically stirred in the reservoir throughout the
experimentation. Experimental solutions were fed into the flow through photoreactor from the bottom.
Irradiated solution samples were collected at predefined treatment times for analysis. Experiments were
carried out at room temperature (22 ± 2 oC). All the presented results are the averages of 3 separate
experiments and the error bars in the figures show the standard deviation of the measured values.

2.4. Analytical Methods
Thermo Fisher Scientific Genesys 10S UV-Vis spectrophotometer was used for quantitative analysis of RTD
solution. Red and Yellow dye solutions were separately scanned between 300 and 900 nm wavelengths in
UV-Vis spectrophotometer to determine their absorbance peaks by using polystyrene cuvettes with
dimensions of 12,5 mm x 12,5 mm x 45 mm (w x d x h). Absorbance peaks at 518 nm and 417 nm were
recorded for Red and Yellow dyes respectively.
Degradation of methanol was followed by an Agilent Technologies Gas Chromatography Mass Spectrometry
(GC/MS) system consisting of 7890A Gas Chromatography (GC), a 5975C Inert Mass Selective Detector
(MSD) with Triple-Axis, and CTC PAL autosampler. MassHunter data managing software (Agilent
Technologies) was used for quantitative analysis of the samples. An Agilent J&W DB FFAP (0.32 mm, i.d. x
30 m, length x 0.50 μm, film thickness) capillary column was used to separate methanol samples by applying
a temperature gradient programme: the oven temperature was kept at 60 °C for 3 min, then raised to 100 °C
with a slope of 40 °C/min and kept at this temperature for 1 min. Finally, the temperature was increased to
220 °C with a slope of 40 °C/min and kept at this temperature for another 1 min with total run time of 9 min.
Helium was used as carrier gas with flow rate of 1 mL/min and pressure of 8.2317 psi (0.568 bar). Sample
Injection volume was 0.1 µL using the split mode with a split ratio 20:1. Injector temperature was set at 150
o
C. Selected Ion Monitoring (SIM) mode was used to detect methanol using characteristic ions of methanol
(m/z 29, 31, and 32).
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3. RESULTS and DISCUSSION
3.1. Adsorption of Reactive Textile Dyes
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Adsorption experiment of RTD solution (Co=10 mg/L) was carried out in the photooxidation system without
activating VUV lamp in order to investigate if there is any potential loss of the target compound due to
adsorption onto materials used in the photooxidation system other than the VUV photooxidation induced one.
No detectable loss of RTD due to adsorption was observed as shown in Figure 2. Therefore, decomposition of
RTD within the photooxidation system was solely attributed to photooxidation mechanism with no influence
of adsorption mechanism.
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Figure 2. Adsorption loss of RTD (Co=10 mg/L) as a function of time

3.2. Effect of Flowrate
Figure 3 presents disappearance of red dye by the VUV process under different flowrate conditions in the
presence of clear fused quartz sleeve. Kinetic analyses showed that VUV induced discoloration of red dye
followed a pseudo first order kinetic pattern with all the investigated flowrates. Although slightly higher
discoloration rates were attained at higher flowrates due to improved mixing of solution and increased contact
of red dye with •OH, no substantial difference was observed on discoloration rates with the tested flowrates.
No sludge production was observed with the tested flowrates.
Since there was no significant difference in observed rate constants and sludge production, 500 mL/min
flowrate value was chosen for all the following experiments by considering the energy consumption.
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Figure 3. Effect of solution flowrate on the VUV discoloration of Red dye (Co = 10 mg/L, pH≈6.3)
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3.3. Effect of Quartz Sleeve Material

Figure 4 shows comparison of decomposition of aqueous red dye with initial concentrations of 10 mg/L by
the VUV process in the presence of clear fused quartz and synthetic high purity quartz sleeves. Pseudo first
order discoloration kinetic was observed in presence of both quartz sleeves. So, materials of the sleeve used
in the applied process did not affect the kinetic pattern. However, the results show that the observed
discoloration rate constant was significantly increased by using the synthetic high purity quartz sleeve. It was
found that rate constant observed in the presence of synthetic high purity quartz sleeve was almost 6 times
higher than that of clear fused quartz sleeve. Complete reduction of 10 mg/L red dye was attained in less than
5 minutes of VUV irradiation by using the synthetic quartz. This finding can be attributed to higher
transmission of 185 nm photons into experimental solution by synthetic quartz, which resulted generation of
higher amount of •OH that was the responsible oxidant for discoloration of the target compound. In contrast
to discoloration rate, sleeve material had no effect on sludge production as in the case of flowrate
experiments. It can be concluded that purity of quartz material used to enclose VUV lamp can significantly
alter efficiency of the VUV based AOP in the removal of RTD from water/wastewater with no adverse
impact on sludge production.
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Figure 4. Effect of sleeve material on the VUV decomposition of Red dye (Co = 10 mg/L, pH≈6.3)

3.4. Effect of Initial pH
Figure 5 displays the discoloration of RTD by VUV irradiation at various initial pH values. A pseudo first
order discoloration kinetic was observed with all the studied pH conditions. Unlike to flow rate, solution pH
had an important effect on the VUV initiated decomposition of RTD. The slowest discoloration rate was
observed at pH=11 for both Red and Yellow dyes due to reduction of oxidation power of •OH in alkaline
conditions. In addition, conversion of •OH to ionic oxygen radical (•O-) in strong alkaline solution may
contribute the decrease in decomposition directly or indirectly. It is known that reaction between OH- and
•OH is enhanced at alkaline condition and hence •OH is rapidly converted to its conjugate base •O- through
Eq. 1 under high pH [8].
•OH + OH- ↔ •O- + H2O
(1)

k = 1.2 x 1010 L mol-1 s-1

•O- radical with redox potential of 1.78 V [9] is less reactive than •OH and has a lower reaction rate constant
compared to •OH. At pH=11, produced •OH was converted to •O- according to Eq. 1. Therefore, not only less
amount of •OH but also less reactive •O- were present for oxidation of RTD at pH = 11 and might be the
another reason behind this experimental finding. This result confirms the primary role of •OH in the
disappearance of RTD by the VUV process under normal circumstances.
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Figure 5. Effect of solution pH on the VUV discoloration of RTD (Co = 10 mg/L, Q=500 mL/min)

Our results show that VUV induced AOP was very effective for decomposition of RTD under all the
investigated pH conditions with no sludge production. Observed high discoloration rate constants indicate
that the VUV photooxidation does not require specific pH adjustments. This is another advantage to other
AOPs. In addition, absence of close pH monitoring for efficient removal of contaminants brings operational
flexibility to water/wastewater treatments. It was found that solution pH has no negative impact on sludge
production during the discoloration of RTD by the VUV process.
Since the difference between the observed rate constants in natural and acidic pH solutions was insignificant,
original pH value was chosen for all the following experiments to avoid addition of chemicals.

3.5. Effect of Initial Reactive Textile Dyes Concentration
Figure 6 shows the VUV induced decomposition of RTD with different initial concentrations (10, 25 and 50
mg/L). Observed disappearance rates were decreased with increasing initial concentration. The reason behind
this finding is the reduction of ratio of hydroxyl radical (•OH) to RTD since the amount of produced •OH by
the VUV process was constant even though concentration of RTD was increased. Therefore, higher amount
of •OH reacted with RTD at higher concentration and thus available steady state concentration of •OH
became less. In other words, depletion of •OH went up with increased concentration of RTD. As a result,
since pseudo first order disappearance rate constant is proportional to the steady state concentration of •OH,
decrements in •OH concentration have caused a decrease in the observed rate constant.
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Figure 6. Effect of initial dye concentration on the VUV discoloration of RTD (Q=500 mL/min)

Performance of the VUV process with respective to RTD decomposition at various initial concentration was
found to be significant. Similar to other investigated parameters, increment in initial concentration did not
cause increase in sludge production either.
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3.6. Effect of NaCl
Figure 7 presents the VUV initiated discoloration of RTD (Co=10 mg/L) with various NaCl concentration.
Presence of NaCl increased turbidity of RTD solutions and inhibited the elimination of RTD by fouling the
sleeve, blocking and absorbing the VUV photons to be reached to water as well as scavenging the VUV
produced •OH by Cl- ion. Cl- ion not only can scavenge some of the available 185 nm photons and VUV
produced •OH but also can produce less reactive species by reacting with •OH. For example, it was reported
that Cl- can form less reactive species of ClOH•−, Cl•, Cl2O•− by reacting with •OH [10] which could cause a
decline in rate constants of RTD. Moreover, absorption of 185nm photons by Cl- ion leads to less production
of •OH by water photolysis and thus lowers the performance of the VUV process. Despite of the decrease, the
VUV process was still found to be effective to decompose both dyes even in the presence of high NaCl
concentrations (40 g/L) with no increase in sludge production.
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Figure 7. Effect of NaCl on the VUV decomposition of RTD (Co = 10 mg/L, Q=500 mL/min)

4. CONCLUSIONS
VUV process was very efficient and powerful for elimination of RTD from water with no sludge production
under all the investigated experimental conditions. VUV produced •OH without addition of chemicals, was
the main oxidizing agent in the decomposition of aqueous RTD. Increase in flow rate has increased the
discoloration rate of RTD but it was not significant. pH of the solution noticeably affected the efficiency of
the VUV based AOP in the decomposition of RTD. The slowest discoloration rate was observed at pH=11 for
both Red and Yellow dyes due to reduction of oxidation power of •OH. Reduction in •OH:RTD ratio at
higher initial dye concentration decreased the decomposition of RTD. NaCl inhibited the elimination of RTD
by scavenging the VUV photons and •OH. Sleeve material, in other words, purity of the quartz material was
the most influencing factor in the decomposition of RTD by the VUV process. Use of a synthetic high purity
quartz sleeve remarkably increased the discoloration rate. Our results show that VUV initiated
photodecomposition of RTD is an additive free, effective and green wastewater treatment alternative with no
sludge production. The VUV based AOP could be used as a pre-treatment or stand-alone treatment process
for remediation of textile wastewaters and so, sludge handling would be more manageable for operators of
industrial wastewater treatment plants. Upcoming study focuses on scaling up the VUV photooxidation
system with real textile wastewaters.
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Abstract
Hospitals and healthcare facilities produce a variety of waste products namely; domestic waste, packaging
waste, hazardous waste and medical waste (MW). Consequently, waste management in hospitals can be
considered a challenging task due to the possibility of mixing different waste streams. MW or the mixing of
hazardous waste with various waste streams present a risk to human health and the environment. The aim
of this study is to evaluate current waste management performance of the Dr. Ismail Fehmi Cumalioğlu
City Hospital in Tekirdağ-Türkiye. Results show that the hospital is well prepared for MW management
and has been successful in terms of separation, collection, storage and transportation of various types of
waste. However, there is still room for waste prevention and reduction to comply with waste management
hierarchy especially for domestic and packaging waste categories.
Keywords: Hazardous waste, healthcare institutions, medical waste management, source separation.

1. INTRODUCTION
The World Health Organization (WHO) reveals that 85% of the wastes from healthcare institutions are domestic
waste, remaining 10% is medical and hazardous wastes and 5% is radioactive waste (Figure 1) [1]. Laboratories,
polyclinics, operating rooms and administrative units take place in healthcare institutions. For this reason,
different types of waste are generated namely; domestic waste, packaging waste, hazardous waste and medical
waste (MW). The Regulation on Control of Medical Wastes, published in 2017 in Türkiye, includes the
procedures and principles regarding the collection, transportation and disposal of medical wastes from the
cradle to the grave without harming the environment and human health. The regulations cover responsibilities
for waste management (WM) up to the disposal of medical waste generated by the operations of healthcare
facilities. Detailed procedures for classifying, collecting, storing and transporting waste to final treatment and
disposal facilities have been explained in the regulation.
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Figure 1. Waste components in healthcare institutions [1].

According to the Regulation, waste from hospitals and healthcare establishments has been classified into four
categories: domestic, medical, hazardous and radioactive waste. The Regulation also subdivided medical waste
into three subcategories, these are pathological, infectious and sharp & piercing wastes and provided for
separate collection followed by appropriate incineration or sterilization [2]. The classification of wastes
originating from healthcare institutions and the sources of waste are given Table 1 [3].
Table 1. Classification of waste from healthcare institutions [3]
Waste Type
Domestic
Waste

Other Wastes
Packaging
Waste

Infectious
Wastes

Medical
Waste
Pathological
Wastes

Sharp &
Piercing Wastes

Hazardous
Waste

Hazardous
Wastes

Radioactive
Waste

Radioactive
Wastes

Waste Source
Wastes from areas where healthy people are present, sections where those who
are not sick are examined, first aid areas, administrative units, cleaning
services, kitchens, warehouses and workshops.
Reusable, recoverable wastes from all administrative units, kitchens,
workshops:
•
Paper, cardboard, cardboard, plastic, glass, metal, etc.
Microbiological laboratory waste:
•
Culture and stocks, infectious body fluids, serological wastes, other
contaminated laboratory wastes (slides, coverslips, petri dishes,
etc.)
Blood samples and products contaminated with them,
Used surgical clothes (cloth, gown and gloves, etc)
Dialysis waste (waste water and equipment)
Quarantine waste
Air filters containing bacteria and viruses
Infected test animal carcasses, organ parts, blood and all objects in contact
with them
Anatomical waste tissues, organs and body parts, surgery, autopsy, etc. body
fluids released during medical intervention:
•
Body parts, organic parts, placenta, amputated limbs, etc.
originating from places such as operating rooms, morgue, autopsy,
forensic medicine. (Human pathological waste), guinea pig
carcasses used in biological experiments.
Wastes that may cause stinging, punctures, abrasions and injuries:
•
Injector needles, other needle-containing cutters, scalpel, lamlamella, glass pasteur rod, other broken glass, etc.
Wastes that will be subject to special treatment due to their physical or
chemical properties or legal reasons:
•
Hazardous chemicals,
•
Cytostatic and cytochastic drugs,
•
Amalgam wastes,
•
Genotoxic and cytotoxic wastes,
•
Pharmaceutical waste,
•
Wastes containing heavy metals,
•
Pressure vessels,
•
They are serum bottles.
It is collected and removed in accordance with the provisions of the Turkish
Atomic Energy Authority legislation.

The disposal of hazardous wastes is carried out in accordance with the Waste Management Regulation [4].
Wastes that have toxic, corrosive, flammable and reactive properties are called hazardous waste. Hazardous
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wastes are collected in blue barrels. Disposal of “radioactive wastes” is carried out in line with the Radioactive
Waste Management Regulation of the Turkish Atomic Energy Agency [5].
According to the Regulation on Control of Medical Wastes;
•

Hospitals with a capacity of at least 20 beds are obliged to construct temporary waste storage.

•

Hospitals with less than 20 beds must have containers that will perform the same function.

•

Wastes are kept in these warehouses or containers for no more than 48 hours. If the temperature is
kept below 4 °C, the holding period can be extended up to 1 week [6].

MW has to be collected separately by hospital personnel without being mixed with other waste types. In the
collection of MW, red colored plastic bags that are resistant to tearing, puncture, transportation, leakproof,
visible on both sides with the "International Biohazard" logo and the phrase "Caution Medical Waste" are used.
These plastic bags must not be more than 3/4 full. Used bags should not be reused under any circumstances [6].
Sharp-piercing wastes are puncture-proof, tear-resistant, shatter-proof, separate from other medical wastes, and
with the "International Biohazard" logo on them. It is collected in boxes or containers made of plastic or
cardboard. These collection containers are filled at the maximum rate of ¾ and their mouths are closed and put
into red plastic bags. Sharps waste containers cannot be compressed, opened, emptied, or recovered [6]. MW
should be collected in at least 150 microns thick, red, and labeled (stating that it contains MW) bags. MW
should be temporarily stored, then collected by licensed firms, and finally disposed of at licensed facilities [7].
300,000
250,000
200,000
150,000
100,000
50,000
-

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Number of hospital beds

Total medical waste (ton)

Figure 2. Number of hospital beds and medical waste generation between 2006-2020 in Türkiye [6,7].

The number of hospital beds, was 174,342 in 2006, Türkiye and this number reached to 251,182 in 2020 [6].
Marmara, Central Anatolia, and the Aegean are the regions with the highest production of medical waste
respectively, whereas the least medical waste is generated in the region of Eastern Anatolia. Figure 2 illustrates
the evolution of the quantity of medical waste from 2006 to 2020. According to 2018 data, MW management
is carried out in 81 provinces with 58 sterilization installations and 3 incineration plants (Istanbul, Kocaeli,
Ankara). A total of 26 provinces send their medical waste to the nearest sterilization facility. The capacity of
the sterilization facilities is 202,982 tones/year, while the capacity of the incineration facilities is 142,680
ton/year [7]. According to the national WM plan, the amount of MW is expected to reach around 138,000 tons
in 2023. Considering that approximately 91,000 tones and 109,000 tones of MW was collected in 2019 and
2020 respectively, current facility capacity is sufficient for the following years. 90.6% of the MW collected
from healthcare facilities was sterilized and disposed of in landfills and remaining 9.4% was sent to incineration
facilities [8]. Increasingly, cities and facilities, including hospitals, are adopting initiatives to manage waste.
Tekirdağ, which is located in the European Continent, has a population of 1,107,491 in the year 2021. The solid
waste is disposed at the Demirli landfill site in Tekirdağ.[9]. A total of 511,820 tons of solid waste were
produced, and 107,336 tons of packaging waste were collected in 2019. Separate collection at source of
packaging waste is carried out by district municipalities with licensed packaging waste collection companies
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and sorting facilities. The amount of hazardous waste produced in Tekirdağ was 109,520.82 tons in 2019 and
there are 18 hazardous waste recycling facilities located. In addition, 944.5 tons of medical waste was collected
in Tekirdağ in the same year (Table 2). The medical waste is collected by the Environmental Licensed Waste
facility and sterilized. After the sterilization process, the wastes are disposed to Demirli Sanitary Landfill.
Table 2. Amount of Medical Waste by Years in Tekirdag Province [10]

Medical Waste Amount
(ton)

2014

2015

2016

2017

2018

2019

506,9

682,5

805,5

932,53

913,64

944,5

While healthcare facilities in Türkiye are growing the amount of medical waste generated has also increased
over the years. In addition, the Covid-19 pandemic has put an additional burden on MW management.
Furthermore, sustainable waste management practices are increasing rapidly all over the world, including
Türkiye [11]. Healthcare institutions produces multiple waste types. Consequently, well-designed MW
management in healthcare institutions is essential for achieving sustainable waste management in Türkiye. The
aim of this study is to understand current MW management performance of the Dr. Ismail Fehmi Cumalioğlu
City Hospital in Tekirdağ-Türkiye.

2. METHOD
In this study, waste management of Tekirdağ Dr. Ismail Fehmi Cumalioğlu City Hospital is examined with
respect to the National Regulations. Details of WM strategies in this study is provided by using primary
(personal interviews of hospital workers) and secondary (literature) resources. Important procedures of WM in
hospitals are explained in the study, such as: generation of different waste types, collection of waste separately
at the source, weighting of wastes, storage of waste and finally transportation of waste to the licensed firms.

3. RESULTS AND DISCUSSION
Dr. Ismail Fehmi Cumalioğlu City Hospital is placed on 114,000 m2 area with 566 beds, 124 polyclinics and
18 operating rooms. The hospital totally has 700 employees. The wastes in the hospital are primarily collected
separately at the source and transported to the waste storage places (rooms) on the hospital floors. After these
wastes are taken into larger containers in these waste storage rooms, they are brought to the weighing area by
using the waste transportation route which is specially planned. Once the wastes are weighed, they are stored
in temporary storage areas and then loaded into appropriate waste collection vehicles (Figure 3).

Figure 3. Tekirdağ City Hospital waste collection scheme [6].

Waste containers in corridors and hospital rooms are the first step of ensuring that waste is collected separately
from the source. Domestic waste (excluding packaging waste), packaging waste, medical and hazardous waste
generated in the hospital are collected separately. The number of containers used for the collection of wastes in
the hospital is 2913 (Table 3). The data of the weighed wastes are recorded electronically. Waste quantities are
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regularly compared every month by the assigned personnel. All temporary waste storage areas' interior and
exterior doors are locked.
Table 3. Types of containers and plastic bags' colors used for different waste types at the hospital [6]

Domestic Waste
Domestic Waste
Domestic Waste
Medical Waste

Container
Color
Green
Green
Green
Grey

Medical Waste (Sharp)

Dark Yellow

Medical Waste**
Medical Waste
Medical Waste
Medical Waste
Packaging Waste
Packaging Waste
Packaging Waste
Hazardous Waste
Hazardous Waste
Paper
Glass
Plastic
Metal
Battery
Paper, Glass, Plastic,
Metal Others

Red
Red
Stainless Container
Orange
Blue
Blue
Blue
Dark Blue
Dark Blue

Container
Volume (L)
40
65
240
n/a*
1.3
30
40
65
70
240
40
65
240
30
60

Grey

n/a

5

Blue

Grey

40

40

Blue

Types of Waste

Container
Number
711
102
60
n/a
n/a
n/a
748
209
21
60
714
183
60
-

Color of
Plastic Bags
Black
n/a
n/a
n/a
Red*

Blue

* Not applicable
**The MW bags are red and have the international Biohazard logo.

Waste containers placed on hospital floors and corridors and wastes in clinics and polyclinics are collected by
cleaning personnel. In Figure 4a, 40 L containers of medical waste, domestic and packaging waste placed side
by side in the polyclinic rooms are shown. Medical waste bags are in red color as in Figure 4b and carry the
international biohazard logo. Packaging wastes are collected in blue-colored bags and domestic wastes are
collected in black-colored bags.

Figure 4. (a) 40 L waste containers in polyclinics, (b) Medical waste bags with international biohazard logo [6].

Sharps medical wastes are collected in 30 L and 1.3 L sharps medical waste buckets shown in Figure 5a. When
the buckets are full, they are replaced with new ones. Sharp & piercing medical waste buckets and hazardous
waste buckets are located in the emergency room, operating room, intensive care, blood collection, and nurse
counters. Hazardous wastes generated in nurse rooms are collected with the blue drums in Figure 5b.
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Figure 5. (a) Sharp medical waste drum, (b) Hazardous waste drums [6].

MW generated in operating rooms is collected eight times a day. Wastes collected from the waste generating
areas are brought to the waste storage rooms, by the cleaning personnel (Figure 6).

Figure 6. Waste storage room [6].

Figure 6 shows the 240 L medical, domestic, and packaging waste containers in the waste storage room and
waste transportation elevator. It is written on the containers to which unit the waste belongs. Containers are
carried to the weighing (Figure 7) and temporary storage area by passing through the waste transportation
elevator and waste transportation corridor to the temporary waste storage area. The data of the weighed wastes
are recorded electronically. Waste quantities are regularly compared every month by the assigned personnel.
This way, changes in the amount of waste can be followed on a unit basis.

Figure 7. Waste weighing area [6].
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After the weighing process, the wastes are taken to the temporary storage area in containers. There is one
domestic waste, one packaging waste, two medical waste and one hazardous waste temporary storage area in
the hospital (Figure 8). All temporary waste storage areas' interior and exterior doors are locked. There are five
different temporary waste storage area that are specified with different colors of the stored waste type. These
colors are orange, blue, grey, and red which represent medical waste, packaging waste, domestic waste, and
hazardous waste, respectively.

Figure 8. Temporary waste storage area and external view [6].

Domestic and packaging wastes are taken from the temporary storage area twice a day. Domestic and packaging
wastes are given to the municipality, and medical and hazardous wastes are given to the licensed company with
which the municipality has agreed. After the wastes are loaded into the collection vehicle of the municipality
or the licensed company, the containers are taken to the container washing room to be washed. MW containers
are washed with a steam disinfection system and domestic and packaging waste containers with pressurized
water. Hazardous wastes are given to the licensed company together with their blue drums. Containers that
have been washed and cleaned are taken to the clean container waiting room.
The waste management in the hospital gives priority to the prevention, reduction, and recycling of waste [12].
In this regard, the hospital has adopted waste management with source separation, which is the third stage of
the waste management hierarchy. Although the hospital has numerous sources of waste production, it succeeds
in recycling packaging waste. However, the potential of preventing and reducing waste at the source can be
increased more by providing the necessary training and embracing the concept of sustainability.

4. CONCLUSION
Hospitals and healthcare facilities produce a variety of waste products namely; domestic waste, packaging
waste, hazardous waste and MW. Consequently, waste management in hospitals can be considered a
challenging task due to the possibility of mixing different waste streams. MW or the mixing of hazardous waste
with various waste streams presents a risk to human health and the environment. In this study, Tekirdağ Dr.
Ismail Fehmi Cumalioğlu City Hospital’s WM practices are examined. The hospital is well prepared for MW
management and has been successful in terms of separation, collection, storage, and transport of various types
of waste. However, there is still room for waste prevention and reduction to achieve the zero-waste goal,
especially for domestic and packaging waste categories.
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Medical Waste Management in Covid-19
Pandemic Process in Sinop: A case study
Oylum Gökkurt Baki1, Ali Yaman2
Abstract
In the management of medical wastes, developing a system suitable for every condition is of importance in
terms of the sustainability of the management. Especially, during the Covid-19 pandemic, which started in
early 2020 and affected both Turkey and the whole world, planned and systematic waste management has
become of great importance with the increase in the volume of medical supplies used, hence the volume of
medical wastes. For such a management system, a planned and good data infrastructure and a regular
follow-up mechanism established in the previous years are important.
The present study evaluated and compared the total volume of waste collected by health institutions
belonging to the Sinop province and its districts in 2019 and 2020. For 2019, 9 health institutions were
examined including those in the central Sinop and its districts while for 2020, 10 health institutions were
examined in the same area.
The highest volume of medical waste collected in 2019 was in April and May, while the highest volume of
medical waste collected in 2020 was in November and December. The volume of medical wastes in the
province center in 2019 increased from 1.59 kg/bed.day to 3.97 kg/bed.day in 2020. The present study also
evaluated the increase in medical waste data before and during the Covid-19 pandemic period and the
functioning of the medical waste management mechanism. The study also included information on medical
waste management strategies and current problems and presented suggestions.
Key words: medical waste, medical waste management, sustainability, Covid-19 pandemic

1. INTRODUCTION
Medical wastes include materials generated during and after healthcare, medical procedures, and medical
scientific research. Medical wastes are residual (or unrefined) materials resulting from human or animal health
practices that have the potential to transmit infections to humans [1]. The Medical Waste Control Regulation
defines medical wastes as infectious, pathological, and cutting-penetrating wastes [2]. The volume of medical
waste is relatively small compared to other solid wastes, however, it is a type of waste that should be given
importance from its generation to its disposal [3]. Medical wastes consist of medical care and treatment
processes from clinics, nursing homes, dentists, laboratories, and veterinary clinics [4, 5]. Medical waste
management is of crucial importance owing to the problems emerged both in human health and environment
due to inadequate waste management practices [6]. These wastes are obtained from many different areas and
1
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hospitals have particular importance [7]. The main source of such waste are hospitals, clinics, health centers,
research laboratories, dialysis centers, nursing homes, small-scale health services, and morgues [8;9].
The medical waste management elements include waste segregation, storage, transportation, disinfection, and
final disposal [10]. The Covid-19 pandemic leads to increases in patient and healthcare activities. One of the
consequences of Covid-19 is its effect on the quantity and composition of medical waste [11, 12]. The spread
of COVID-19 can increase as a result of inadequate waste management [11].
The present study covers the evaluation of the amount of medical waste in Sinop Province and Districts during
the Covid-19 pandemic. Within the scope of the study, the volume of medical waste before the Covid-19
pandemic, the increase in this amount during the Covid-19 pandemic period, and the related medical waste
management process were evaluated.

2. MATERIAL AND METHODS
2.1. Material
There are 9 Counties, 9 Municipalities, 46 Districts along with the Central District, and 466 Villages belonging
to the Sinop Province. The districts of Sinop are Ayancık, Boyabat, Erfelek, Durağan, Gerze, Türkeli,
Saraydüzü, and Dikmen. The population of the province, in general, is 218,408 according to the 2021 census,
and the population of the province where the Provincial Municipality serves is 56,479 (Table 1).
Sinop was established on the Boztepe peninsula, which extends to the north of the Black Sea coastline. The
lands of Sinop are located in a transition zone between the West and East Black Sea regions and are located
between 41.2-43.5 parallels and 34.5-35.5 meridians (Figure 1). The province is surrounded by the districts of
Yakakent and Alaçam of Samsun from the east, Vezirköprü of Samsun to the south, Osmancık and Kargı of
Çorum, Taşköprü of Kastamonu and Çatalzeytin of Kastamonu to the west. Of its 475 km long borders, 300
km are land and 175 km are coastal borders [13].

Figure 1. Map of the study area
Table 1. Change of population of Sinop city center by years [13]
Province

District

2019

2020

2021

Sinop

Centre

54260

53813

56479

2.2. Method
Information on medical waste collected from medical waste producers (state and private hospitals, health
institutions, and family health centers) in Sinop province and its counties was collected from the Sinop
Provincial Municipality and other relevant institutions. The change in the amount of medical waste sent to the
medical waste sterilization facility in Giresun was determined according to years and months during the January
2019-December 2020 period. Information on the amount of medical waste only belongs to medical waste
producers such as health institutions. It does not cover the medical waste data used for personal hygiene
purposes throughout the province. Within the scope of this information, calculations and evaluations were made
according to the changes by years and months, the changes depending on the type of health institution, and the
amount of medical waste generated per bed in the province by using the current medical waste data in the study.
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3. RESULTS AND DISCUSSION

The collection of Medical Wastes from the Medical Waste Producers within the borders of the Union of Coastal
Municipalities of Sinop, the transportation of the collected medical wastes, their sterilization, and storage after
sterilization are undertaken by a private company. The Regulation on Control of Medical Wastes [2] entered
into force in the Official Gazette dated 25.01.2017 with the registry number 29959, regulates principles, policies
and programs, and legal regulations for preventing the direct or indirect discharge of medical wastes to the
receiving environment in a way that harms the environment and human health, collecting them separately at
the source without harming the environment and human health, transporting them in the unit, temporary storage,
transportation and disposal, and the procedures and principles regarding the determination and implementation
of administrative and technical principles. Also, the relevant regulation covers the principles regarding the
medical wastes generated as a result of the activities of health institutions and the separate collection of these
wastes at the places where they are produced, their transportation within the health institution, their temporary
storage, transportation to the medical waste processing facility, and their disposal. Furthermore, medical waste
disposal facility operators, institutions, and organizations are also obliged to periodically train the personnel
responsible for the disposal of medical wastes, undergo health checks, and take other protective measures.
A private company contracted by the Provincial Municipality carries out these operations for the Province of
Sinop and takes the waste to the sterilization facility in Giresun. Medical wastes collected in Sinop are
transported between Sinop and Giresun through a distance of 443 km, and then sterilized and stored in here [6].
The same practice continues during the pandemic process. Accordingly, the medical wastes of the Union
member Municipalities have been collected by the company with the medical waste collection vehicle on a
weekly basis and brought to the Medical Waste Sterilization Facility operating in Giresun [13]. Information
about the medical waste management procedure for the Sinop Province is given in Table 2.
Table 2. Some information on medical waste management in Sinop Province [modified from [13]]
City
Municipality
Name

Medical waste
management plan

A

NA

Number of medical
waste transport
vehicles
Public

Private

Disposal method

İncineration

Disposal facility/Sterilization/Incineration

Sterilization

Municipality

Union Member
Municipalities
√

√

Authorized
company

City where the
facility is
located

√

Giresun

√

A:available NA: none available

Considering the amount of waste taken to the medical waste sterilization facility in Sinop City Center in 2019
and 2020 during the pandemic process, it is seen that the highest value was recorded in March 2019 (Table 3).
Table 3. The amount of medical waste collected in Sinop province in 2019 by months
Unit/kg

Jan.19

Feb.19

Mar.19

Apr.19

May.19

Jun.19

Jul.19

Aug.19

Sep.19

Oct.19

Nov.19

Dec.19

Total

11.642

12.906

13.072

13.301

13.240

9.924

12.033

10.434

11.959

11.284

12.665

12.765

145.225

Ayancık

1.773

1.319

1.768

2.098

2.313

2.028

2.724

2.911

1.997

1.957

1.812

1.862

24.562

Erfelek

129

158

223

170

220

180

177

165

163

159

172

148

2.064

Gerze

912

784

836

807

876

1.022

1.051

954

989

983

703

724

10.641

Dikmen

32

33

24

41

29

51

49

60

46

35

39

51

490

Türkeli

697

517

666

753

826

749

817

823

803

790

660

560

8.661

Boyabat

3.662

2.313

3.739

3.078

3.431

3.281

3.251

3.487

2.802

2.859

2.765

3.714

38.382

Durağan

827

674

688

689

649

718

750

681

690

779

626

750

8.521

Saraydüzü

11

0

12

0

6

7

15

0

22

14

10

0

Sinop
Province

97

According to Table 3, the lowest amount of waste in 2019 was determined in August. Examining the seasonal
averages for 2019, no major differences were observed (Figure 2).
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Autumn
25%

Winter
26%

Summer
22%

Spring
27%

Figure 2. Seasonal change in the amount of medical waste from health institutions for 2019

In 2019, the lowest amount of medical waste was collected in June. According to Table 4, the lowest amount
of waste was recorded in February for the Sinop City Center and Atatürk State Hospital in the center in 2020,
whereas the highest amount of waste was recorded in December (Table 4).
Table 4. The amount of medical waste collected in Sinop province in 2020 by months
Unit/kg

Jan.20

Feb.20

Mar.20

Apr.20

May.20

Jun.20

Jul.20

Aug.20

Sep.20

Oct.20

Nov.20

Dec.20

Sinop Province

20.639

18.327

19.690

27.658

26.327

22.887

27.784

30.809

38.997

36.783

43.603

48.799

Atatürk State
Hospital

11.257

10.614

11.049

15.700

14.450

13.920

17.140

17.370

22.340

17.560

25.810

30.650

Boyabat

4.545

2.990

3.936

6.980

7.485

3.855

4.680

6.980

10.560

12.080

10.170

9.890

84.151

Durağan

686

516

684

690

773

703

671

774

1.121

872

1.296

1.009

9.795

Ayancık

1.504

1.642

1.374

2.048

1.398

1.485

1.905

2.235

1.504

2.705

2.760

3.697

24.257

Türkeli

639

528

545

639

550

740

959

1.008

894

886

883

827

9.098

Erfelek

116

123

115

150

84

111

223

203

161

158

82

170

1.696

0

2

0

0

5

0

0

0

0

Denizler
Family Health
Center (FHC)

0

0

Total
362.303
207.860

0

Turkuaz FHC

0

0

0

0

0

0

0

0

0

0

0

8

8

Ada FHC

18

9

26

7

22

21

17

19

6

15

16

26

202

Looking at the seasonal averages for 2020, it is seen that there are substantially more significant differences
compared to 2019. Especially in winter when the effectiveness of the pandemic is high and the number of
patients increases compared to other seasons, a significant increase in the amount of waste was determined
(Figure 3; Figure 4).

Autumn
21%
Summer
14%

Winter
52%

Spring
13%

Figure 3. Seasonal change in the amount of medical waste from health institutions for 2020
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Figure 4. Change in the amount of medical waste belonging to health institutions in Sinop Province between 2018-2019
and 2020

In 2019, 1,451,225 kg of medical waste was collected only in the health institutions in the province center, and
238,643 kg in the counties. In 2020, 570,163 kg of medical waste was collected only in the province center and
699,181 kg of medical waste was collected together with the districts. In 2020, which was mostly in the
pandemic process, the highest values were determined in autumn and winter, particularly in October,
November, and December.
The amount of medical waste generated per bed in the province and its comparison with international data are
given in Table 5.
Table 5. The amount of waste generated per bed per day belonging to the study
Total amount of medical waste production
(kg/bed-day)

References

Türkiye

1,39

[14;15]

Türkiye (year 2000)

3,3

[16;17]

Japanese

1,5-3

[17;18]

ABD

5-7

[19;17]

Italy

0,2-3,5

[9;20]

World avarage

1,5-3,9

[9;21;22]

0,50 (high-income countries)

[22;15]

0,20 (low-income countiries)

[15]

Sinop City Center in 2019

1,59

Current study

Sinop City Center in 2020

3,97

Current study

[23; 24]

4. CONCLUSION
In the present study, the data on the medical wastes collected from all health institutions in the Sinop province
and its counties and districts and sent to the medical waste sterilization facility in Giresun in accordance with
the regulations as defined in the regulation were collected, and the changes in their amounts according to years,
months and health institutions were determined during the January 2019-December 2020 period. Within the
scope of the study, the volume of medical waste before the Covid-19 pandemic, the increase in this amount
during the Covid-19 pandemic period, and the related process of medical waste management were evaluated.
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Also, the amount of medical waste generated per bed in the province was determined with the information
obtained.
The results obtained in this context can be summarized as follows:
Medical wastes were stored as normal medical waste in standard medical warehouses such as plastic bags or
waste containers during the pandemic, as is the case in general, and since the beginning of the pandemic,
medical waste storage, transportation, and disposal processes have been accelerated due to the unexpected
increase in medical wastes. The collection frequency of the medical waste collection vehicle, that visited once
a week in 2019 and/or before the pandemic, increased for the transportation of the collected medical wastes.
Considering that the wastes were taken to the sterilization center in Giresun, this case yielded additional costs.
The solution is to create environments where sterilization can be done on-site against possible situations in the
province. Accordingly, cost calculations must be made. Also, applications for the reduction of medical waste
should be on the agenda.
The medical waste storage capacity of hospitals needs to be re-planned to meet such extraordinary increases. It
needs to be improved to cope with the significant increases in medical waste during this process and similar
emergencies. In practice, additional temporary boxes are used from time to time.
All personnel working during the collection and transportation of medical wastes use their protective equipment
meticulously, and personal protective equipment has been changed more frequently than ever.
It is necessary to record the waste production, collection, and treatment of medical wastes both in special
scenarios such as pandemics and in normal times. In Turkey and the province of Sinop, the deficiencies in data
recording and the difficulty of obtaining data make it difficult to analyze these processes by experts. Institutions
need to have a reliable database to create scenarios and projections for such extraordinary processes. Also, the
medical waste management process needs to be carried out by expert technical and auxiliary personnel and
requires comprehensive infrastructure and regular inspection mechanisms. Medical waste management systems
should have the capacity and flexibility to handle both the increase in the amount of waste caused by population
growth and extraordinary situations such as pandemics. It should be noted that in the province of Sinop, which
was chosen as the study area, the medical waste management system was carried out in accordance with the
outlines. However, it is recommended to carry out projection studies in the medical waste management system
for this process and the subsequent period, so that the system can provide appropriate resistance to an epidemic
and similar extraordinary conditions. It is recommended that projection studies be carried out by examining the
data of this study and similar studies. The present study is of importance with this quality and feature.
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Integration of Environmental Impact
Assessment to Product Design Stage for Waste
Management: Case of Automative Industry
Maryam Vasef1, Sena Ayas2, Seren Tusun3, Irem Ozturk4, Emel Topuz5*
Abstract
One of the problems of the auto parts industry is the occurrence of sustainable environmental effects by
car industry factories in the production of each auto part. One of these effects is related to the destructive
environmental effects left by the production of car doors. The environmental effects that are produced
and remain during the production process of the car door and throughout the life cycle of this product
must be analyzed and controlled by management methods. In this study, the purpose of investigating the
environmental effects of car door design and production as a result of selecting a part with the least
environmental effects in the entire life cycle of this part. For this purpose, AHP has been used as a
method of analysis and selection of environmentally friendly product, which is very useful as an
environmental model in sustainability to eliminate the shortcomings of the LCA method in the field of
environment and sustainability. Environmental criteria are designed to reduce the environmental impact
of a product over the entire life cycle of a product from the initial stage, ie design, to select the
appropriate raw materials in the production of car doors and using the AHP method.The best raw
materials with minimal effects that has environmental standards have been selected.
Keywords: Environmental ımpact assessment, ahp, waste management, product design

1. INTRODUCTION
Daily life products have different environmental consequences and destructive effects that usually occur in a
part of their life cycle. Today, attention to environmental aspects and impacts are discussed in the context of
sustainable development and green design and applied at national and international agreements worldwide.
These phenomena lead global markets and manufacturers to implement environmental impact assessments in
the product design stage to decrease their impacts [1]. However, environmental thinking in designing a
product requires prior knowledge of how the activities, services, and products interact with the environment
to develop improvements and environmental reforms during the product design stage. As a result, decisions
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should be made in line with environmental protection policy during design according to eco-design
principles.
Innovation in design only regarding technical details may not always guarantee public and environmental
health. It can cause the incorrect selection of primary sources from the initial stage regardless of the risk and
threat of toxicity, which will cause more waste and health [2].
In the present age, environmental protection has become a new concept and can no longer be explained by old
patterns and models. Today's environment encompasses all industries, cultures, economics, society, and
political issues. Therefore, it is the most critical area of environmental sustainability. On the other hand, with
the industrialization of societies, the discussion of the environment and the evaluation of all the effects of a
product during its life cycle have become more important. The most comprehensive definition of
sustainability includes the three main environmental, societal, and economic domains. It can be said that the
environment, including water and waste, etc., connects society (employment, human rights, gender equality,
peace, and human security) and the economy (poverty reduction, corporate responsibility, and accountability)
[3]. It should be noted that identifying the environmental aspects of a product over its life cycle has certain
complexities.[4] But it is essential to pay attention to the product's environmental performance during its use
[5] But what should be noted, depending on its nature, each product can have unique aspects and harmful
environmental consequences. Still, in any case, the environmental effects of a product through the type of
materials and energy consumed in the production and life stages. Its consumption and the pollutants caused
by each step are determined and identified [6]. These environmental assessments should be considered
alongside other relevant factors, such as the performance and expected performance of the product. Because
each product is evaluated according to its expected performance in the design part. [7]. The primary purpose
of integrating environmental impact assessment in the product design and development process is to reduce
the environmental impact of products during their life cycle. [8]. On the other hand, the use of primary
sources and incorrect selection of primary sources from the initial stage of product production, i.e., the design
part of a product, regardless of the risk and threat of toxicity due to pollution to the environment and humans,
will cause more waste. Considering waste's economic and environmental value, special attention should be
paid to waste management by controlling the amount and manner of waste products in the manufacturing
industry [9]. Most human activities have environmental effects, so these effects from hazardous and toxic
waste generated should not be uncontrollable. To properly implement an integrated program in the production
of products, the use of environmental assessment in the early stages of the design of each product is
necessary. LCA is a scientific and systematic evaluation method that considers the entire life cycle of a
manufactured product. However, it requires numerical data for the calculation, which makes it challenging to
use in the design phase before production occurs [10]. Therefore, this study proposes an approach that
analyzes environmental effects in designing a product by using a multi-criteria decision model. This proposed
approach could be integrated as a separate segment to LCA and make it possible to highlight the product's
environmental impact in the initial design phase.One of this method's main problems is assessing a product's
potential environmental impact. It performs this evaluation by preparing a list of inputs and outputs. This
defect is eliminated by using the (MCDM) methods in combination with the LCA, and it is possible to decide
on product indicators throughout its life cycle. The best and most widely used methods used to evaluate and
select raw materials for product production are Multi-Criteria Decision-Making methods [11]. Among the
multi-criteria decision-making techniques, the Hierarchical Analysis method is the most used in this field.
The case study is selected from the automobile industry. The proposed approach will be applied to selecting
materials for the automobile doors. In this study, since the choice of materials is a complex issue that needs to
consider multiple criteria, one of the most preferred methods in MCDM is the AHP method of material
selection for decision-making. Choosing the suitable material for design is a unique process that depends on
the decision makers' criteria for its creation. Consideration of mechanical properties of material covers design
constraints, material cost, supply possibilities, risk parameters, environmental properties, etc. Considering and
combining all these parameters leads to too many alternatives and limits them. Systematic selection of the
best materials for a given application begins with knowing the most relevant properties to consider. But in
this research, in addition to dealing with the type of materials used in the car door production industry, the
environmental factors of the production line of this product have been addressed without considering
economic and social factors. In this research, the applied materials used in the production of the car, from the
design stage to the end of the product's life, considering the environmental effects of all materials and all
production processes until its disposal, have been researched in terms of environmental effects. As a result, in
this study, the AHP method is combined with the LCA method to investigate the environmental effects of a
product.

2. MATERIALS AND METHODS
The best and most widely used methods used to evaluate and select raw materials for product production are
Multi-Criteria Decision-Making methods [12]. The MCDM applications of AHP, ANP, PROMETHEE, and
TOPSIS, alone or combined, address the selection of materials in automotive industry applications for
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material and process design [13]. The AHP method is structured for organizing and analyzing complex
decisions (like material selection) based on mathematics and psychology [14].
And the most applied method in material selection problems in automotive engineering design. . Using AHP
and combining it with environmental methods, can assist them in achieving sustainability goals. In this study,
standards determine an expert opinion of the environmental indicators in car door design. Then the AHP
method is used to determine the weights of indicators and sub-indicators. This study presents an
environmental model conducted to perform a case study on car doors.

3. RESULTS AND DISCUSSION
Using this method, an environmental model in the field of sustainability for car door design by considering
environmental criteria that examines and analyzes all the effects of raw materials used in the product are
provided. The proposed approach would include raw material storage, production, product transportation,
product use, and end-of-product life. Exposure to the environment and humans will be considered. Material
specifications, type of transportation, storage method, production processes, and aspects related to use and
end of product life are included in the hierarchy. Ranking requires main criteria and secondary criteria. In the
main criteria section, it should be investigated how pollution is created and the groups affected by this
pollution. Environmental design thinking has been used to select individual criteria and sub-criteria so that all
human activities should be included in the cycle that is examined from beginning to end. Process types,
technology, processing steps, and materials can be mentioned in the process stage. For each of these cases,
criteria such as Integrated or Individual design, Variety of chemicals and materials, Time of steps, Type of
Technology, and other items have been specified in this research. For Transportation criteria, Routes,
Duration (Time), Distance, and Type are discussed. In the conducted study, the Storage criterion has been
addressed with the sub-criteria of Equipment, Materials, Time, and Place, which have been added to clarify
the issue of the sub-criteria of Climate Factors, Packaging, Mechanization and Automation, Principles of
material, and Energy usage. At the stage of using a product, the sub-criteria of the products, Time of usage,
and other things are discussed. Considering the LCA thinking, the end of product life has also been
addressed, and the selective classification in the research includes Lifetime and Disposal methods. It has also
been researched about the affected groups, humans, and ecosystems. Environmental design thinking has been
used to select individual criteria and sub-criteria so that all human activities are included in a cycle examined
from beginning to end. Considering its consequences in terms of the environment and human health, they will
be organized hierarchically in a logical and orderly manner. Using the basic principles of AHP, the
environmental impact score is calculated. Hence, these modules can be integrated with the environmental
LCA or car production sustainability assessment to select the most suitable material for car doors.

4. CONCLUSIONS
By observing the results of this research, it can be said that in the production industry, all production stages
affect the environment and humans, and environmental assessments should be done when designing the
product and starting the production line.
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Impact of Circular Silica Aerogel on
Plasterboard Recycling
Mıguel Castro-Díaz1, Mohamed Osmani1, Sergio Cavalaro1, Bill Parker2,
Tatiana Lovato2, Paul Needham3, Jeremy Thompson3, Kanda Philippe4,
Francisco Ruiz4
Abstract
Silica aerogels have high specific surface area, high porosity, low density, and high thermal insulation
values. These properties enhance the thermal performance of plasterboards but can have deleterious
effects on the mechanical properties. At the end of life, plasterboards containing silica aerogel could be
recycled via physical and acid leaching purification processes. The main aim of this work was to
determine the impact of circular silica aerogel on plasterboard recyclability. Circular silica aerogel was
produced through hydrothermal conversion of silica-based building waste. The circular silica aerogel was
easily recovered during the acid leaching purification stage of the recycling process. Future work will
evaluate the impact of silica aerogel on the thermal conductivity and mechanical strength of plasterboard
containing circular silica aerogel.

Keywords: Circular, silica, aerogel, plasterboard, recycling, gypsum.
1. INTRODUCTION
The development of cost-effective high thermal insulation plasterboards can contribute to improve the energy
efficiency of buildings, and thus, reduce CO2 emissions. Silica aerogels are open-porous, lightweight solids
with densities ranging between 3-350 mg/cm3 and consisting of an interconnected particle network structure
with interstitial pores with a pore size typically much lower than 1 μm. These materials are characterised by
high specific surface area (500-1200 m2/g), high porosity (80-99.8 %), high thermal insulation value (0.005
W/mK), ultra low dielectric constant (k = 1.0-2.0) and low index of refraction (∼ 1.05). As a result, silica
aerogels have the lowest thermal conductivity known in a solid matrial at ambient conditions (λ < 0.012
Wm−1K−1) [1,2]. Mixtures of silica aerogel and plaster have been investigated in the past. A percentage of
aerogel in the mixture of about 96-99 vol% caused a decrease in the thermal conductivity of about 97 % [3].
The thermal conductivity and density of silica aerogel-enhanced plasters with different percentages of aerogel
decreased with the increase in silica aerogel content [4]. Silica aerogel was also found to decrease the
1
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compressive and bending strengths of gypsum when added up to 2 wt% [5]. On the other hand, high purity
gypsum (> 96%) can be produced after physical treatment combined with acid leaching of gypsum from
refurbishment plasterboard waste [6]. The main aim of this work was to determine the impact of circular
silica aerogel on plasterboard recyclability when combining physical and acid leaching purification processes.
Circular silica aerogel is defined in this work as silica aerogel that has been obtained from hydrothermal
conversion of glass and siliceous concrete wastes.

2. MATERIALS AND METHODS
2.1.

Materials

Refurbishment plasterboard waste collected at a household recycling centre in Nottingham (UK) was used in
this work. Circular silica aerogel was provided as granules of 1-2 mm in size by Keey Aerogel (France). The
circular silica aerogel was obtained from glass and siliceous concrete wastes using hydrothermal synthesis.
Sulphuric acid used in acid leaching tests was purchased from Fisher Chemicals (certified analytical reagent,
minimum purity 95 vol%).

2.2.

Methods and Techniques
•

Physical And Acid Leaching Purification Treatments

The refurbishment plasterboard waste was segregated to remove contaiminants such as plastics, wood, mortar
and foam. The segregated plasterboard was broken down into small pieces of around 1-5 cm in size. Then,
the plasterboard pieces were crushed with ceramic mortar and pestle and sieved to remove paper fragments
and fibres, and to obtain gypsum with particle sizes below 250 microns. A mixture of this gypsum waste (<
250 microns) and circular silica aerogel (2 wt%, 1-2 mm granules) was used in the acid leaching test. Acid
leaching was carried out at 90 °C for 1 hour with a 5 wt% (0.5 M) sulphuric acid solution, using a borosilicate
beaker, a hot plate and an overhead stirrer placed inside a fume cupboard. Purified water was used to prepare
the sulphuric acidic solution. The temperature of the slurry was measured with an independent thermocouple
placed inside the beaker. The gypsum-aerogel/solution ratio was 1:3 wt/wt. A slurry volume of 350 mL and
a stirring speed of 150 revolutions per minute were used.

•

X-Ray Fluorescence

The chemical composition of gypsum before and after acid treatment with the presence of circular silica
aerogel was determined through X-ray fluorescence (XRF). XRF analyses were performed with a Orbis
micro-XRF spectrometer. Pellets for XRF characterisation were prepared by blending 0.8 g of gypsum
powder with 0.2 g of boric acid powder (binder). Then, this blend was placed in a die and piston of 5 mm in
diameter and compacted in a manual hydraulic press applying 10 tonnes of force. XRF data were acquired
under vacuum in five regions of the pellet using a voltage of 30 kV, current of 0.4 mA, amplifier time of 1.6
µs and acquisition time of 120 seconds. The weight percentages of SO3, CaO, SiO2, Al2O3, Fe2O3, MnO,
MgO, P2O5, K2O, Na2O, Ni2O3, SrO and Cl were recorded. Previous research has identified MgO, P2O5,
K2O, Na2O and Cl compounds present in gypsum as detrimental for plasterboard manufacturing [7,8]. In
this work, it was also considered that MnO, Ni2O3 and SrO were impurities. Hence, the chemical purity of
gypsum was calculated as the sum of SO3, CaO, SiO2, Al2O3 and Fe2O3 contents. The CaSO4 and SiO2
contents were also singled out to determine the impact of circular silica aerogel on the composition of the
purified gypsum after acid leaching.

3. RESULTS AND DISCUSSION
Table 1 presents the chemical composition of the gypsum obtained after physical treatment of the
refurbishment plasterboard waste. Its chemical purity was 93.6 wt%, its CaSO4 content was 91.1 wt%, and
the main impurities present were phosphorus and chlorine compounds.
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Table 1. Chemical composition expressed on a weight basis of the waste gypsum used in this work.

SO3
59.0

CaO
32.1

SiO2
1.7

Al2O3
0.4

Fe2O3
0.4

MnO
0.8

MgO
0.2

P2O5
3.4

K2O
0.3

Na2O
< 0.1

Ni2O3
0.3

SrO
0.2

Cl
1.2

Acid leaching of the gypsum-aerogel mixture (2 wt% circular silica aerogel) was performed. At the end of
the test, stirring was stopped and the slurry was cooled down to room temperature. It was found that the
circular silica aerogel floated whereas gypsum sinked, which enabled for the circular silica aerogel to be
scooped out. Then, the settled gypsum was filtrated, washed with purified water to remove residual sulphuric
acid, and dried for its characterisation through X-ray fluorescence. Figure 1 shows that acid leaching of
waste gypsum in the presence of 2 wt% circular silica aerogel increased the chemical purity of gypsum from
93.6 wt% to 96.6 wt%, which was due in part to the increase in silica (SiO2) content from 1.7 wt% to 2.4
wt%. The fact that the silica content in the purified gypsum increases by 0.7 wt% suggests that 65 wt% of the
circular silica aerogel can be recovered during the acid leaching purification process. Moreover, the acid
purification process is effective as indicated by the increase in CaSO4 content from 91.1 wt% to 93.5 wt%.

Figure 1. Chemical purity of the gypsum from refurbishment plasterboard waste (left) and gypsum after acid leaching in
the presence of 2 wt% silica aerogel, removal of aerogel, filtration, washing and drying (right).

4. CONCLUSIONS
Physical and acid leaching purification processes were used to evaluate the recyclability of gypsum from
refurbishment plasterboard waste in the presence of circular silica aerogel (2 wt%). It was found that 65 wt%
of the silica aerogel was recovered and that the CaSO4 content of the purified gypsum was 2.4 wt% higher
than that in the gypsum waste. Future work will focus on the impact of circular silica aerogel on the thermal
and mechanical strength performance of plasterboards containing up to 2 wt% of aerogel.
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Abstract
The non-stop construction activities generate significant amount of construction and demolition waste
(CDW) which should be recycled effectively in order to sustain a circular economy. The use of CDWs as
recycled aggregates in construction materials is an environmentally friendly approach fitting in the
circular economy and waste valorization concepts. This research presents improvement of fine recycled
aggregates by microbially induced CaCO3 precipitation (MICP) to enable their reuse in concrete. Fine
recycled aggregates with 6 different size fractions were microbially treated by using a non-axenic
microbial culture. MICP was carried out by coupling two metabolic pathways, namely; urea hydrolysis
and nitrate reduction. The improvement procedure consisted of two consecutive stages: (i) microbial
attachment, (ii) biomineralization. Upon treatment, CaCO3 was precipitated in and around the pores of
the aggregates. The former led to a decrease in the water absorption of fine recycled aggregates up to
24%. Moreover, weight increase was obtained in all aggregate sizes varying between 0.6% and 7.0%.
Precipitated CaCO3 crystals were also confirmed by SEM analysis. These results indicated that MICP is
a promising bio-based strategy to upgrade fine recycled aggregates and to improve sustainability of
construction industry.
Keywords: biomineralization, denitrification, MICP, recycled aggregates, urea hydrolysis, water
absorption

1. INTRODUCTION
Concrete is one of the most common building materials in the world, and the global annual production of
concrete has exceeded 25 billion tons. Natural aggregates constitute approximately 70% of the concrete
volume [1], and the construction industry uses over 40 billion tons of aggregates annually [2]. Many
construction and demolition wastes (CDW) are generated every year due to many construction activities in
residential areas. Construction activities in 2012 generated 1.3 billion tons of CDW at global scale, and this
amount is predicted to increase to 2.2 billion tons by 2025 [3]. For this reason, reuse and recycling of CDW
instead of sending them to the landfill have recently become important waste management strategies. The
reuse of concrete waste as high quality recycled aggregate in concrete production can be mentioned among
the recent actions for the management of CDW.
Excessive water absorption capacity of the recycled aggregates and the complex bonding layers between the
cement paste and the aggregates, so called the interfacial transition zone (ITZ), are considered as major
drawbacks limiting the use of recycled aggregates (RA) in concrete [4]. The excess water absorption and
1*
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layered ITZ of recycled aggregates are always attributed to the presence of old mortar residuals and microcracks on the RA surface [5][6]. Concrete made with recycled aggregates shows poor strength and
permeability properties due to the low physical and mechanical quality of RA [7][8][9][10][11]. To improve
the quality of RA and its performance in concrete, it is necessary to strengthen the layer on the RA surface
and thus the ITZ. At present, the common applications for improvement of recycled aggregates can be
grouped as cleaning treatments and reinforcement treatments. Cleaning treatment is the removal of adhered
old mortar in RA, usually by heat treatment, mechanical grinding, high pressure impacts or acid washing
methods [12][13][14][15]. Reinforcement treatment is the strengthening of the adhered old mortar layer on
the RA surface by carbonation, polymer impregnation or nanomaterial applications [16][17][18][19].
Researchers have suggested that microorganisms can also be applied to improve the quality of RA in addition
to or as an alternative to aforementioned treatments [20]. Exploitation of the microbially induced calcium
carbonate precipitation (MICP), which is a ubiquitous phenomenon in nature, can be given as an example for
this purpose. In MICP, bacteria can precipitate calcium carbonate on the aggregate surface and/or in the
porous of the residual layer as a result of their metabolic activities. This process can fill the pores and seal the
microcracks on the recycled aggregate surface, hence water absorption capacity is decreased and ITZ quality
is increased [20]. Microbial improvement of RAs is more environmentally friendly because of its low energy
consumption and low waste generation, and exhibits low-cost properties [21]. Therefore, this innovative biobased approach has the potential to significantly and sustainably contribute to the upgrading of RAs and their
inclusion in the economy as secondary raw materials.
Recycled aggregate improvement by microbial means has gained significant attention in the recent years. So
far, MICP was mostly tested to improve coarse recycled aggregates (4 mm-20 mm) and promising results
have been reported [22][23][24][25][26]. In the study performed by Qiu et al. using S. pasteurii, weight
increase and decrease in water absorption were observed in the improved coarse RA of 5-20 mm in size after
MICP treatment, and surface modification of RA with MICP treatment was proven [24]. In a study using the
immersion method for MICP, the water absorption of the recycled aggregate after MICP was reduced by
1.3% [25]. In another study, in which two immersions were applied consecutively as the optimum
improvement strategy, the water absorption and weight increase of recycled aggregates after improvement
were investigated [26]. A weight increases of 2.0% in recycled concrete aggregates and 2.5% in mixed
aggregates was achieved, and decreases in water absorption about 1% and 2% were obtained respectively
[26].
During recycling of aggregates, a fine (<4 mm) fraction is also obtained. Compared to coarse recycled
aggregates, fine fraction is harder to handle and treat. Fine RAs have higher water absorption capacity and
more porosity than coarse RAs [27][28]. This causes fine RAs to show weaker physical properties than coarse
RAs [27][28]. Nonetheless, recycling of this fine (<4 mm) fraction which constitutes a significant part of the
recycled aggregates should also be considered to increase the recycling rate of CDW. Therefore, the aim of
this study is to investigate the quality improvement of fine recycled aggregates by MICP. In the treatment
process, two metabolic pathways namely urea hydrolysis and nitrate reduction were combined in a single
non-axenic culture.

2. MATERIALS AND METHODS
2.1. Sizing of Recycled Aggregates
In this study, 6 different size ranges were determined for the tested recycled aggregates by using the size
ranges given in EN196-1 standard. The determined size ranges were >4.750 mm, 4.750 mm - 2.360 mm,
2.360 mm - 1.180 mm, 1.180 mm - 0.600 mm, 0.600 mm - 0.150 mm and <0.075 mm. Each fraction was
obtained by sieving the recycled aggregates through a suitable size stainless steel sieve.
Aggregates that were larger than 4.750 mm were not in the fine aggregate size range. This fraction was used
to check and confirm the suitability of the improvement method as in previous studies the MICP method was
only applied to coarse aggregates [22][23][24][25][26].

2.2. Bacterial Culture and Cultivation Procedure
The inoculum for cultivation of non-axenic urea hydrolysing and nitrate reducing bacteria was taken from a
running sequencing batch reactor (SBR) that produces microbial biogranules tailored for microbial selfhealing concrete applications. Initially, 100 mL of bacteria was taken from the reactor and divided into 2
falcon tubes of 50 mL. Upon centrifugation, bacterial pellets in each falcon were resuspended in 1 L of
nutrient solution. The nutrient solution contained 6.00 g/L urea, 0.20 g/L yeast, 10.00 g/L NaHCOO, 3.00 g/L
NaNO3, 0.06 KH2PO4 and 0.10 MgSO4·7H2O.
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Inoculated solutions were incubated at 28 °C for 72 hours on a 100 rpm shaker. In the first 24 hours of the
incubation the bottles were tightly closed to prevent contact with air (anoxic conditions) and in the following
48 hours, they were open to air to enable dissolution of oxygen during shaking (aerobic conditions).
Inoculation was repeated until obtaining sufficient amount of bacteria to conduct the biomineralization
treatment tests. Grown culture was separated from the liquid by centrifugating at 3045 g for 10 mins. The
pellets that correspond to 700 mg cell dry weight (CDW) were collected and used in tests. Treatment of each
aggregate size was conducted by using 0.5 g CDW/L bacteria concentration.

2.3. Treatment of Recycled Aggregates
For the improvement of recycled aggregates, three different setups were established as water control, abiotic
control and microbial treatment. Each setup was prepared in triplicates. The aggregate weights used in each
setup are given in Table 1 according to their sizes.
Growth medium was used in microbial attachment stage and biomineralization medium was used in MICP
stage. Compositions of the used solutions are given in Table 2.
Table 1. Aggregate weights used in setups according to their sizes

Size (mm)

Aggregate weights used in setups (g)

>4.750
4.750 - 2.360

50.00
50.00

2.360 - 1.180
1.180 - 0.600
0.600 - 0.150

50.00
50.00
5.00

<0.075

5.00

Table 2. Chemicals used in growth medium and biomineralization medium

Chemicals
Urea

Growth medium (g/L)
6.00

Biomineralization medium (g/L)
20.00

Yeast

0.20

-

Ca(HCOO)2
CaNO3.4H2O
NaHCOO
NaNO3
KH2PO4

10.00
3.00
0.06

6.50
1.20
-

MgSO4·7H2O

0.10

-

2.3.1. Water Control
Water control setup was to determine the effect of water immersion on quality properties of the recycled
aggregates. In this setup, each aggregate size was immersed in water enough to cover the aggregates in a
container tightly closed (anoxic environment) for the first 24 hours and open-air (aerobic environment) for the
next 48 hours. At the end of the 72 hours, the aggregates were separated from the excess water and immersed
again in water under tightly closed conditions (anoxic environment) for 24 hours. Then, the aggregates were
separated from the excess water and dried in an oven at 105 °C.

2.3.2. Abiotic Control
The abiotic control setup was to determine the effect of bacteria-free growth medium solution and
biomineralization solution on quality properties of the recycled aggregates. Bacteria-free growth medium
solutions were prepared by autoclaving at 1 bar pressure at 121 °C for 20 minutes. Chemicals that might
decompose or precipitate during the autoclaving process, i.e. urea, KH2PO4 and MgSO4.7H2O, were prepared
separately as stock solutions and then added to the autoclaved solution by filter sterilization.
Aggregates were kept in autoclaved growth medium solution for a total of 72 hours, with the container tightly
closed for the first 24 hours (in anoxic condition) and open to air for the next 48 hours (in aerobic condition).
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Then, the aggregates, which were taken out from the excess growth medium solution, were further kept in the
biomineralization solution for 24 hours with anoxic environment. The aggregates were then separated from
the excess biomineralization solution and dried in an oven at 105 °C.

2.3.3. Microbial Treatment
Aggregates were kept in growth medium containing 0.5 g CDW /L bacteria for a total of 72 hours, with the
container closed for the first 24 hours (in anoxic condition) and open-air for the next 48 hours (aerobic
condition) in order to enable attachment of bacteria to the aggregate surface (Figure 1). After 72 hours, the
aggregates were removed from the growing medium and separated from the excess solution and immersed in
the biomineralization solution. Biomineralization was carried out in an anoxic environment (with the lid
close) for 24 hours. The treated aggregates were then separated from excess solution and dried in an oven at
105 °C.

Figure 1. Aggregates with different size ranges during microbial attachment stage (immersion in growth medium)

2.4. Effect of Treatment
2.4.1. Water Absorption
Oven dried aggregates which were 0.600 mm and larger in size, were immersed in a water-filled container in
a nylon net with a mesh size of less than 0.600 mm and kept for 24 hours. At the end of the 24 hours, the
aggregates were taken from the water-filled container and the aggregates were removed from excess water
with a cloth to obtain a saturated surface dry weight.
Oven dried aggregates which were smaller than 0.600 mm were immersed in a water-filled container. At the
end of 24 hours, the excess water on the aggregates were removed from the surface by using a vacuum
filtration device to obtain a saturated surface dry weight.
The water absorptions of the aggregates before and after the treatments were calculated according to Eqn. (1)
and Eqn. (2) given below.
!",!"#$%" =
!", (#)"% =

!& − !'
× 100%
!'

!* − !+
× 100%
!+

!", !"#$%" = water absorption of aggregates before treatment (%)
!",(#)"% = water absorption of aggregates after treatment (%)
W1 = weight of dried aggregate before treatment (g)
W2 = weight of dried aggregate after treatment (g)
W3 = saturated surface dry weight of aggregate before treatment (g)
W4 = saturated surface dry weight of aggregate after treatment (g)

(1)
(2)

2.4.2. Weight Increase
Before the treatment procedure, the aggregates were dried in a 105 °C oven until they reached a constant
weight (until the weight change is less than 1% in 24 hours) and dried aggregates were weighed. After the
treatment process, the aggregates were dried in the same way in the oven at 105 °C until they reached a
constant weight and then weighed again. The weight increase after treatment was calculated according to
Eqn. (3) given below.
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!. =

!+ − !'
× 100%
!'

(3)

WI = weight increase after treatment (%)
W 1 = weight of dried aggregate before treatment (g)
W2 = weight of dried aggregate after treatment (g)

2.5. Analytical Methods
Total suspended solids (TSS) and volatile suspended solids (VSS) analyses were conducted based on the
standard procedure described in Standard Methods [29].

3. RESULTS AND DISCUSSION
Aggregate treatment consisted of two stages. The first stage was the microbial attachment stage during which
the aggregates were in growth medium solution containing 0.5 g CDW/L bacteria, and the second stage was
the MICP treatment stage during which the aggregates were kept in biomineralization solution. In the
microbial attachment stage, necessary nutrients were provided to the bacteria, allowing the bacteria to
penetrate into the pores on the aggregate surface. In the MICP treatment stage, it was expected to achieve
CaCO3 precipitation in the pores and microcracks of the aggregates due to the microbial nitrate reduction and
urea hydrolysis as given in Eqns. (4-6).
5HCOO- + 2NO3- → N2 + 3HCO3- + 2CO32-+ H2O

(4)

CO(NH2)2 → 2NH4 + CO3

(5)

CO3 + Ca

(6)

+

2-

2+

2-

→ CaCO3

3.1. Effects of Treatment
3.1.1. Water Absorption
After water control and abiotic control setups, no improvement in water absorption of recycled aggregates
was observed. The water absorptions of the aggregates before and after the MICP treatment were grouped
according to their sizes and given in Figure 2. The water absorption of the fine recycled aggregates was
higher than the coarse recycled aggregates. It can be seen from Figure 2 that the aggregate size and water
absorption were inversely proportional. As the aggregate size decreased, the amount of water absorption
increased. This observation was consistent with the findings in literature that emphasize the high water
absorption rate of fine recycled agregates [26][30]. Before the MICP treatment, among the tested size ranges,
fine aggregates with sizes smaller than 0.075 mm showed the highest water absorption which was recorded as
21.4% while the aggregates with sizes larger than 4.750 mm showed the least water absorption which was
recorded as 4.2%.

24,0
WATER ABSORPTION (%)

21,0
18,0
15,0

21.4
WA before treatment

18.1
15.8

WA after treatment
12.6

12,0

10.1
8.0

9,0
6,0
3,0
0,0

12.1

4.2 3.9

> 4.750

4.8

6.6

4.1

4.750 - 2.360 2.360 - 1.180 1.180 - 0.600 0.600 - 0.150
SIZE (MM)

<0.075

Figure 2. Water absorption of fine and coarse recycled aggregates before and after the MICP treatment
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After the MICP treatment, water absorption of all aggregate sizes decreased significantly. The decrease in
water absorption varied depending on the aggregate sizes. As shown in Figure 2, after the MICP treatment the
aggregates larger than 4.750 mm in size showed the lowest water absorption which was recorded as 3.9%.
This corresponded to a 7.3% decrease in the water absorption. The decrease obtained in water absorption of
recycled aggregates after MICP treatment was 15.3% for the 4.750 mm - 2.360 mm size range, 17.4% for the
2.36 mm - 1.180 mm size range, 20.0% for the 1.180 mm - 0.600 mm size range, 23.5% for the 0.600 mm 0.150 mm size range and 15.4% for the sizes <0.075 mm. These observations only occured after the MICP
treatment which indicated that bacteria filled the microcracks and pores on the aggregate surface via MICP
and this barrier prevented water penetration.

3.1.2. Weight Increase
After the water control and abiotic control setups, there was no weight increase in the recycled aggregates.
After MICP treatment, weight increase was obtained in all sizes of recycled aggregates and the weight
increase of the aggregates are given in Table 3 according to their sizes.
The average weight increases obtained in aggregates from the largest (>4.750 mm) to the smallest size
(<0.075 mm) after MICP treatment was 0.7%, 0.7%, 1.1%, 4.0%, 7.0%, 0.6%, respectively. These additional
weights were attributed to the formation of CaCO3 (bio-deposition) on the aggregate surface and in the pores.
Some mass was lost during the transfer of the <0.075 mm aggregates size between the containers and during
the vacuum filtration, because they stuck to the container surface, filter paper and spatula. These losses
caused less weight change to be observed after MICP.
Table 3. Weight increase according to aggregate size after MICP treatment

Size (mm)

Average Weight Increase (%)

Standard Deviation

>4.750

0.7

±0.08

4.750 - 2.360

0.7

±0.09

2.360 - 1.180

1.1

±0.10

1.180 - 0.600

4.0

±0.13

0.600 - 0.150

7.0

±0.13

<0.075

0.6

±0.12

3.1.3. Scanning electron microscope (SEM) Analysis
The CaCO3 precipitation formed on the surface of the recycled fine aggregate after treatment was confirmed
by visualizing the treated aggregates under scanning electron microscope (Figure 3). Apart from amorphous
CaCO3 crystals, rhombohedral CaCO3 crystals were also observed on the aggregate surface and indicated
with arrows (Figure 3). It can be seen in Figure 3 that a part of the surface of the aggregate is covered with
precipitates after improvement, but some of the pores which were shown with circles were not fully sealed.
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Figure 3. SEM micrographs of MICP treated recycled aggregate at 2.15kx magnification

4. CONCLUSIONS
The MICP method is an effective method for the improvement of recycled fine aggregates. After treatment
with MICP method, water absorption of all RA sizes decreased. Water absorption decreased by 7% at >4.750
mm size, 15% at 4.750-2.360 mm size, 17% at 2.360-1.180 mm size, 20% at 1.180-0.600 mm size, 24% at
0.600-0.150 mm size and 15% at <0.075 mm size. As another positive indicator of improvement, weight
increase was observed in all aggregate sizes after MICP treatment, and the weight increase obtained varies
between 0.6% and 7.0% according to the sizes. Surface of the MICP treated fine recycled aggregates was also
visualized under SEM and CaCO3 crystals covering the pores on the aggregate surface were observed.
Obtained results are promising for further research on quality improvement of fine recycled aggregates by
MICP.
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A Novel Non-Axenic Granulated Culture
Based Microbial Self-Healing Concrete
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Abstract
Construction and demolition wastes (CDW) such as concrete, brick, plaster, wood, glass, metals, plastics,
and asbestos are significant proportion of the globally generated solid waste. In urban areas, concrete
waste accounts for a significant portion of solid waste. Concrete is prone to cracking, and when the
cracks exceed a critical threshold, it adversely affects the concrete's durability and shortens its service
life. Since it is not easy and efficient to recycle concrete components, concrete waste accumulates in
landfills all over the world. In recent years, the use of bacteria to heal concrete cracks (bio concrete,
biomineralization) has been investigated to increase the durability and service life of concrete structures
and thus decrease the related waste generation. In this study we propose non-axenic microbial granules
biogranules that can simultaneously conduct urea hydrolysis and nitrate reduction as a novel self-healing
agent. Produced biogranules were harvested and their resuscitation performance after a drying process
was tested. Upon confirmation of the resuscitation, dry granules were added to the mortar samples and
their self-healing performances were monitored weekly under the microscope for crack widths varying
between 25 µm and 1000 µm. Results indicated that the produced granules could be stored in dry form
and can be resuscitated. The granules were able to consume 1 g/L of urea in 6 hours and 200 mg/L NO3N in 3 hours. Enhanced crack healing performance was achieved for samples containing biogranules
which was promising for increasing the service life of cementitious composites and for decreasing the
construction waste generation.
Keywords: Construction and demolition wastes; granular sludge; MICP; self-healing concrete; selfprotected bacteria.

1.

INTRODUCTION

A significant portion of all solid waste generated around the world comes from CDW, which accounts for 25–
30% of all waste generated. Global population growth and rapid industrialization have produced large
amounts of Construction and Demolition Waste (CDW) worldwide[1], [2]. A majority of this waste is
composed of concrete blocks, bricks, mortar, ceramics, plaster, wood etc. [1]. One of the most often used
building materials is concrete. Approximately 10 billion tons of concrete are consumed worldwide each year.
While cement is only 10% to 15% of the total weight of concrete, it is still the primary cause of
environmental damage caused by this extensive use of concrete[1]–[3]. The manufacture of cement is
responsible for 8% of the global CO2 emissions [4]. The concrete industry, on the other hand, consumes 9
billion tons of sand and rock, as well as 1 billion tons of fresh water yearly[3].
1
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Concrete cracks due to its heterogenous nature. The cracks that exceed the critical threshold adversely affect
the durability of concrete, shorten its service life, and indirectly cause generation of concrete waste.
Considering
the amount of concrete waste, it is necessary to improve the durability of concrete and the service life of
concrete structures. Conventional crack repair in cementitious composites can be conducted by using
synthetic repair agents such as epoxy, resin, polymers and repair mortars. However, the use of these agents
only provides a temporary solution, and the use of additional chemicals creates extra pollution and thus a
treatment cost [5], [6]. Recently developed bio-based self-healing or repair technologies for cementitious
composites offer elimination of the use of bulk chemicals and waste generation.
One of the bio-based solutions for dealing with concrete cracking is the use of bacteria that trigger selfhealing of concrete cracks. In this approach a well-known natural phenomenon namely microbial-induced
CaCO3 precipitation (MICP) is exploited. This method is a biomineralization process and promising results
on healing of concrete cracks have been reported for the last two decades. Studies using MICP to develop
self-healing bioconcrete showed consistent self-healing of concrete cracks up to an average crack width of
300-500 µm [7]–[11]. Depending on the used microbial agent, crack widths can be closed up to 970 µm [12].
According to previous studies, crack healing was achieved by using ureolytic bacteria, nitrate reducing
bacteria and aerobic heterotrophs [7], [9], [10]. Among these, urea hydrolysis is the most commonly
investigated metabolic pathway for MICP. The consecutive chain of reactions of the ureolytic MICP were
briefly given in Eqn (1) to Eqn (3). As a result, the pH around the cell increases and causes precipitation of
calcium carbonate (CaCO3) in the presence of soluble Ca2+ [13].
CO(NH2)2 + 2H2O → CO32⁻ + 2NH4+

(1)

Ca + Cell → Cell− Ca

(2)

Cell− Ca + CO3 → Cell−CaCO3

(3)

2+

2+

2-

2+

Some researchers have proposed nitrate reducing bacteria as an alternative to the ureolytic bacteria to avoid
dependence of the MICP process on aerobic conditions and to create additional functions such as rebar
corrosion inhibition [14], [15]. The consecutive chain of reactions occurring during the MICP through nitrate
reduction pathway were briefly given in Eqn (4) to Eqn (8).
2HCOO- + 2NO3⁻ + 2H+ → 2CO2 + 2H2O + 2NO2⁻

(4)

HCOO- + 2NO2⁻ + 3H+→CO2 + 2NO + 2H2O

(5)

HCOO + 2NO + H →CO2 + N2O + H2O

(6)

-

+

HCOO + N2O + H → CO2 + N2 + H2O

(7)

CO2 + 2OH- → CO32-+ H2O

(8)

-

+

Cell− Ca + CO3
2+

2-

→ Cell−CaCO3

(9)

In development of microbial self-healing concrete, various approaches were suggested to incorporate
microbial agents into cementitious composites. One research proposed "biohydrogels" as a protective agent
for bacterial spores. It has been claimed that by using urea hydrolysis as a metabolic pathway and
biohydrogel as a bacterial carrier agent, 500 µm crack width may be closed and water permeability can be
lowered by 68% [16]. In a different study, biochar, which was made from food and wood waste, was used to
immobilize the ureolytic bacteria Bacillus sphaericus before using it as microbial healing agent in cement
mortar. It was reported that a 700 µm-wide crack could be healed via MICP, and water absorption decreased
by 70% compared to unhealed specimens [17]. In another study, ureolytic Bacillus subtilis was used to obtain
self-healing concrete. Both bentonite nano/microparticles (BNMP) and iron oxide nano/microparticles
(INMP) were used to immobilize the bacteria. It was reported that as a result of immobilization through
INMP media, the crack width of 1200 μm can be sealed. This study also showed that 400 µm crack width
could be healed with BNMP immobilized ureolytic bacteria [18]. Diaphorobacter nitroreducens and
Pseudomonas aeruginosa were tested to investigate microbial self-healing of concrete through anoxic
oxidation of organic carbon by nitrate reduction [14]. To protect the bacteria in mortar, granular activated
carbon and expanded clay particles were tested. It was reported that 480 μm-wide cracks could be healed at
the end of 56 days immersion in tap water [14].
In 2015, a novel approach of using non-axenic cultures was suggested by some researchers. Silva et al. [19]
and Erşan et al. [7] used self-protected non-axenic cultures in their studies. Silva et al. [19] developed a new
microbial powder containing ureolytic bacteria (Cyclic Enriched Ureolitic Powder or CERUP) to reduce the
product cost of microbial self-healing concrete. CERUP was composed of a non-axenic bacterial culture with
the ability to sporulate. It was reported that in CERUP containing mortars, approximately 400 μm-wide
cracks were completely sealed in 28 days[19]. Ersan et al. [7] developed a self-protected granular culture with
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a compact denitrifying core community, namely “activated compact denitrifying core” (ACDC). ACDC was
mainly nitrate reducing microbial community and cultivated in a cylindrical sequencing batch reactor (SBR).
In mortars containing ACDC, cracks up to 500 µm crack width were closed more than 90% at the end of 28
days[7] The healing of the cracks resulted in approximately 80% decrease in water permeability of the cracks
[20].
Previous studies revealed that urea hydrolyzing or nitrate-reducing non-axenic cultures can be useful
individually. The effectiveness of crack healing can be improved by combining these two pathways in a
single non-axenic culture. Therefore, the purpose of this study was to develop a microbial self-healing
concrete made with a non-axenic granular community capable of urea hydrolysis and nitrate reduction.

2.

MATERIALS AND METHODS

This section explains the production of biogranules, preparation of mortar samples, crack formation and
monitoring of the crack healing.

2.1 Production of Biogranules Containing Both Nitrate-Reducing and Urea Hydrolyzing
Bacteria
Bio-granules were produced in a cylindrical sequential batch reactor (SBR) with a length of 75 cm, a
diameter of 4.5 cm and a volume of 1.2 L (Figure 1). The SBR was operated with sequential anoxic/aerobic
cycles. In the aerobic period, aquarium aeration pump maintained a certain level of dissolved oxygen in the
reactor. With a peristaltic nutrient pump, four times a day, nutrient solution containing necessary chemicals
were provided from the bottom of the reactor at 10 ml.min-1 feeding rate for 1 hour and 600 mL of reactor
content was collected from the top of the reactor during this feeding period so that the reactor was operated
with 50% volume exchange ratio. The nutrient solution content is given in Table 1 Aeration and feeding
periods of the reactor were controlled by an automatic time controller.
Table 1: The Composition of the Nutrition Solution Used to Produce Biogranules

Chemical

Concentration

Urea

1.00 g/L

Yeast

0.24g/L

NaNO3

1.02 g/L

Ca(NO3)4.H2O

0.15 g/L

KH2PO4

0.60 g/L

MgSO4.7H2O

0.90 g/L

NaCl

1.80 g/L

CH3OH

1.30 ml/L

The seed used for the cultivation of biogranules was a granular culture previously grown by Sekercioglu [21].
Obtained granular culture (the seed) was operated at pH 9.5 for 190 days to enrich the community resilient to
alkaline pH environment. After 124 days of operation, the granules were harvested from the reactor at regular
intervals (once or twice a week) and dried at 60°C for 48 hours before incorporating into mortar. Self-healing
cementitious composites were made by using dry granules with dry particle sizes ranging from 0.45 to 2.00
mm. Those having sizes less than 0.45 were returned to the granule cultivation reactor.
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Figure 1:Photo of a Biogranules Production Reactor Operating at a 50% Volume Exchange Rate with a Total Effective
Working Volume

2.1.1 Analyzes to Determine Biogranulation Performance and Microbial Activity
During the continuous operation of the SBR, total ammonium nitrogen (TAN), volatile suspended solids
(VSS), total suspended solids (TSS), sludge volume index (SVI), were monitored on a weekly basis.
Microscopic images of bio-granules were taken on a weekly or monthly basis and these images were analysed
by ImageJ software to determine the size distribution of the granule samples. Measurements of SVI in the
reactor were conducted according to standard methods. Sludge volume indices (SVI) of 30 and 5 minutes
were used to continually monitor the presence of granular microbial culture. The SVI30/SVI5 ratio, which has
been employed in previous biogranulation investigation[22] was used to calculate the percentage of granules
in the reactor. Also, SVI30 limit value of 50 ml.g-1 which was specified in previous study [23] was
continuously checked. Following the standard procedure, TSS and VSS analyses on biogranules samples
were also performed using a drying oven at 105 °C and a muffle furnace at 650 °C. The bacterial content of
bio-granules is determined using the ratio of volatile suspended solids (VSS) to total suspended solids (TSS).

2.1.2 Resuscitation Performances Control of the Produced Dry Biogranules
The use of dried granules in mortar is more advantageous as dried granules have a longer shelf life with a
fixed microbial community and their use does not require any corrections in the mix water of the mortar. In
order to check if the granules produced in this study can be used in dry form. Granules were dried at 60°C at
48 hours. Dry granules were resuscitated in a nutrient medium and their activity recovery was evaluated. The
VSS in three bottles was set to 0.5 mg.L-1 for the resuscitation test of dried granules. The batch reactors were
run in alternating anoxic and aerobic periods for 24 hours in total. The first 3 hours of the run was under
anoxic conditions which was followed by another 3 hours under aerobic conditions, and this order was
repeated until the end of 24 hours. Samples were taken every 3 hours for 24 hours to determine the time
required for resuscitation of the dried granules.

Figure 2:Resuscitation test setup for dried biogranules

1.1.

Preparation Procedure of Mortar Samples

According to the EN 196-1 standard, mortar samples were made with a sand: cement: water ratio of 3.0:1.0:
0.5. For mortar casting, 1350 gr of DIN EN 196-1 sand, 450 gr of CEM I 42.5R cement, and 225 gr of tap
water were used. In this study, three different mortars were prepared: (i) reference mortar with basic mortar
components, (ii) abiotic control mortars containing the nutrients together with the basic mortar components,
(iii) biomortars containing both nutrients and the biogranules together with the basic mortar components.
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The bacteria content in the biomortars was adjusted to 0.25% by weight of cement. The VSS:TSS ratio was
used to calculate the bacterial composition of the biogranules. The harvested biogranules had a VSS:TSS
ratio of 60±1%. Consequently, 0.83 g/L of biogranules were present in each batch. Additional nutrients in
both abiotic control and biomortar samples were 2% Urea, 5% Ca-Formate, 2% Ca-Nitrate, and 0.1% yeast
extract w/w cement.

1.2.

Formation of Cracks in Mortar Samples and Determination of Their Self-Healing
Performances

The prepared mortar mixtures were poured into the steel molds illustrated in Figure 3 which were 30 mm x 30
mm x 340 mm. It had a ribbed steel reinforcement in the middle that was 500 mm long and 6 mm in diameter.
The steel reinforced mortar samples were removed from the molds 24 hours after casting. In order to avoid
evaporation of the water content in the steel reinforced mortar samples, they were sealed in airtight plastic
bags and stored at room temperature for 28 days. On day 28, mortar samples were exposed to a uniaxial
tensile test at a speed of 0.01 mm/s in order to create cracks on cementitious composites, and several cracks
of varying widths were generated on the sample. Figure 4 shows the setup used to create cracks under
uniaxial load for further assessment of self-healing performances. Under the light microscope, the cracks
were visualized, and the crack widths at t0 were recorded. Cracked reference, cracked abiotic control and
cracked biomortar samples were then immersed in tap water in their individual containers

Figure 3: Steel molds used in mortar preparation

Figure 4: Creation of cracks with various widths via uniaxial tension

3.
3.1

RESULTS AND DISCUSION
VSS/TSS Ratio and Microscopic image of Produced Biogranules

Biogranules were analyzed based on their VSS/TSS ratio to determine their bacteria content. The VSS/TSS of
the reactor was approximately 60 percent, as shown in Figure 5. As of the 124th day of the reactor's
operation, granules were started to be harvested for use in cementitious composites. There was fluctuation in
the VSS/TSS ratio as a result of intense granule intake from the reactor. Additionally, the granules examined
under the microscope showed very compact shapes. A micrograph of the biogranules taken from the reactor
on the 118th day can be seen in Figure 6. The average granule size in the reactor was 200-300µm.
Additionally, the granules examined under the microscope showed very compact shapes.
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Figure 5: VSS/TSS ratio of bioreactor

Figure 6: Microscopic images of biogranules on 118th day of operation

3.2

Monitored Parameters for Biogranulation

The average values for the monitored parameters about the biogranules were given in Table 2. TAN effluent
concentration during stationary reactor operation was 400±16 mg NH4-N/L. NO3-N was almost completely
depleted after the anoxic period. NO3-N reduction and urea hydrolysis activities of the biogranules were
recorded as 85 ±5 % and 91±5 %, respectively. This also revealed that the reactor content was purely granular
biomass, with SVI30 below 50 ml.g-1. The SVI30/SVI5 ratio can be used to estimate the degree of granulation
and roughly determine the percentage of granules[22]. After 190 days of operation, granules between 200300 µm in size were abundant. There were roughly 40% of granules in the 200–300 µm size range and 33%
of granules in the 300–400 µm size range.
Table 2:Average values of the monitored parameters in the biogranule reactor between days 90-190

3.3

Urea
Hydrolysis (%)

Nitrate
Reduction (%)

SVI5 (mL/mg)

SVI30
(mL/mg)

91±5

85±5

37±10

20±4

Granule size,
µm
200-300

Urea Removal Performances During the Resuscitation Test of Biogranules

The resuscitation performance of the granules was tested after a drying process. According to the batch test,
the dried granules showed urea hydrolysis activity within the first 6 hours of the resuscitation period. In the
first 6 hours of the resuscitation period, biogranules produced , 240 mg/L TAN through urea hydrolysis which
corresponded to 87% urea hydrolysis efficiency. At the end of 24 hours, TAN concentration reached to 442
mg/L which corresponded to complete urea hydrolysis.
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Table 3:TAN results of resuscitated dry biogranules

Period and Hour

TAN Concentration,
mg NH4-N/L

3rd hour Anoxic Period

32±3

6th hour Aerobic Period

237±2

9th hour Anoxic Period

304±4

12 hour Aerobic Period

386±2

15 hour Anoxic Period

398±7

18 hour Aerobic Period

405±3

21 hour Anoxic Period

423±5

24th hour Aerobic Period

442±2

th

th

th

st

3.4

Underwater Crack Healing Performances of Reference, Abiotic Control and Bio mortar
Samples

The crack widths obtained in the mortar samples ranged from 150±20 µm to 590±30 µm. A comparison of
healing capacities between reference samples, control samples, and bio mortar samples was conducted at
similar crack intervals. In the first two weeks, reference mortar showed little healing while in abiotic mortar
partial crack closure was obtained (Figure 7a,b). Biomortars showed complete healing of 250 µm cracks in
two weeks. Even the large pores over the crack which were having around 900 µm radius were completely
filled with calcium carbonate (Figure7c). At larger crack widths, at the end of two weeks all specimens
showed partial crack healing (data not shown). Results indicated that a longer treatment period is needed to
differentiate between the crack healing performances of abiotic mortar and biomortar at larger crack widths.
Therefore, the mortars will be kept in tap water to distinguish the crack healing performance of abiotic
mortar and biomortars at larger crack widths.

Figure 7: Crack healing in (a) reference mortar; (b) abiotic mortar; (c) biomortar containing biogranules

4.

CONCLUSION

Harvesting biogranules did not affect the reactor operation and the VSS value was not affected from harvests
in every 2 weeks. Dry granules could resuscitate in 6 hours and according to the healing results they could
heal 250-300 µm wide cracks in two weeks. It was revealed that biogranules capable of urea hydrolysis and
nitrate reduction can also be useful to develop microbial self-healing concrete. Further research is being
conducted to compare the healing rates with the healing rates of biomortars that heal through a single
microbial pathway.
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The Performance of Structural Members
Incorporating Reinforced Sustainable
CO2ncrete
Ilyas Saribas1
Abstract
Some environmental, economic, and social problems have arisen during the COVID-19 pandemic. These
effects have forced people to use natural and artificial resources more effectively and efficiently. In
addition, although the pandemic affects more than one sector, the construction sector is one of the sectors
most affected by these conditions. The groups affected by the increasing costs in the construction sector
had to search for solutions to reduce these costs. One of the ways to make the construction industry costeffective is sustainable concrete. Sustainable concrete will facilitate the rapid depletion of natural
resources and production costs. Sustainable concrete, whose importance has increased even more with
the pandemic conditions, and the performance of products made from this concrete has been extensively
researched for nearly twenty years. Within the scope of this study, experimental and numerical studies on
sustainable concrete structural members and structures, which the author has been working on for about
ten years, are summarized comprehensively. In the experimental study, the performances of reinforced
concrete columns and slabs produced from sustainable concrete were extensively investigated. The
seismic performances of sustainable reinforced concrete structures and the structural performances of
corbels, deep beams, and continuous foundations have been extensively investigated in the numerical
analysis scope. Based on the data obtained from these studies, it has been evaluated that sustainable
concrete can be used to produce new structures and structural elements with conventional construction
techniques.
Keywords: Recycled Concrete Aggregate, RC members, Natural aggregate, Sustainable concrete

1. INTRODUCTION
The COVID-19 pandemic environment, which is economically, socially, and environmentally effective
worldwide, has affected many sectors. In this process, many sectors are undergoing digital transformation,
planning to repair their deteriorated economies and return to life before the pandemic. One of the sectors most
affected by this process is the construction sector [1-3]. The construction sector, the locomotive sector of
developed and developing countries' economies, is having a challenging time due to the pandemic. For the
construction sector, which still cannot return to the pre-pandemic period, some suggestions are made for
technology, human and workforce, standardization, and corporate culture to overcome this process quickly.
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However, it is considered that these recommendations are not sufficient for a return to normalcy. Therefore,
new suggestions are needed to provide a permanent solution [1-3].
In addition to the current recommendations, concrete is another subject that needs to be studied in detail since
concrete is the primary material in the construction industry. In addition, concrete is an ideal building
material that is locally available, inexpensive, compatible with steel, and easy to process. However, concrete
is the second most used material in the world after water, responsible for the rapid depletion of many natural
resources. It is also responsible for 7% of global CO₂ emissions [1-7]. Considering all these situations, the
development of alternative methods for concrete production is a fact that may not be ignored. In addition,
regulations such as the green strategy put forward by developed countries to create a more environmentally
friendly environment have positively affected the construction sector's carbon footprint and recycling rate [17]. Therefore, three main issues are regarded in this strategy. These are: (1) reducing the high carbon footprint
of concrete due to cement, which accounts for 7% of global carbon emissions, (2) reducing the high natural
material consumption of concrete, (3) optimizing the concrete processing methods to increase production
efficiency [1-7].
On the other hand, the proposal that will offer a different perspective to the existing recommendations is
sustainable concrete. Sustainable concrete consumes less natural resources and is more economical and
environmentally friendly. Comprehensive experimental and numerical studies have been conducted so that
this concrete may be used to produce new structures [4-20]. In most of these studies, it has been stated that
this concrete can be used under certain conditions to build new structures. In the scope of this study, the
results obtained from previous experimental studies (studies on full-scale columns and slabs) [4-10] and
numerical studies (studies on full-scale reinforced concrete structures, short corbels, and continuous
foundations) on sustainable concretes are summarized [11-20]. The details of the studies and the results are
briefly and concisely given in the following sections.

2. DETAILS OF EXPERIMENTAL AND NUMERICAL STUDIES
This study consists of two main parts. In the first part, the experimental studies are detailed. In the second
part, the numerical analyses are presented.

2.1. Exprerimental studies
The experimental studies were carried out on full-scale flexural-critical columns, shear-critical columns, and
full-scale one-way slabs incorporating sustainable concrete [4-10]. The columns produced from sustainable
concrete were tested under constant axial load and reversed cyclic lateral loading. Details on flexural-critical
columns are given in Table 1, and details of shear-critical columns are given in Table 2. The characteristic
properties of the slabs tested under motononic loads are shown in Table 3 [4-10].
Table 1. Parameters of flexural-critic columns
Specimens
r (%)
n (%) ρsh (%) s (mm)
NAC-7-s100
0
7
0.63
100
RAC-7-s100
50
NAC-7-s60
0
7
1.05
60
RAC-7-s60
50
NAC-17-s60
0
17
1.05
60
RAC-17-s60
50
NAC-27-s60
0
27
1.05
60
RAC-27-s60
50
NAC-37-s60
0
37
1.05
60
RAC-37-s60
50

Table 2. Parameters of shear-critic columns
Specimens
NAC-s100
RAC-s100
NAC-s150
RAC-s150
NAC-s200
RAC-s200

r (%)
ρsh (%)
n (%)
0
0.63
30
50
0
0.42
30
50
0
0.32
30
50
Table 3. Parameters of slabs

Specimens
NAC
RAC
NAC-PZL
RAC-PZL

r (%)
0
50
0
50

ρs (%)
0.37
0.37
0.37
0.37

s (mm)
100
150
200

Fly ash (%)
0
0
15
15

2.2. Numerical studies
The structural behavior of full-scale reinforced concrete structures, short corbels, deep beams, and continuous
foundations considered in the soil-structure interaction, which are deemed to be produced from sustainable
concrete, have been comprehensively examined in the scope of the numerical study. Furthermore, the
structural members are modeled in full scale, considering the material characteristics that will represent
reality. Thus, sustainable concrete's usability in producing new structures or structural members has been
investigated realistically. In addition, the modeling of the reinforced concrete structures and the evaluation of
their seismic performance were made based on the TSDC-2018 [21] principles. Details of these structures are
given in Figure 1 and Figure 2. In addition, the structural optimization of short corbels and deep beams were
made using the Isoline Topology Design (ITD) method (Figure 3a) [13-15]. Besides, the numerical
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simulation of short corbels was carried out using finite element and truss-analogy methods (Figure 3b-c).
Besides, continuous foundations are considered a soil-structure interaction problem in numerical simulation.
Numerical modeling of the foundation beam resting on the elastic foundation in the interaction problem was
performed with a structural analysis program for different loading conditions [16].
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Figure 1. The loads and geometrical properties of reinforced concrete structures (dimensions are in m)
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(a)

(b)

(c)
Figure 3. The geometrical properties of reinforced concrete members

3. CONCLUSION
This study briefly summarizes experimental and numerical studies conducted by the author on the
performance of reinforced concrete structural members produced from sustainable concrete. The author
examined the performances of full-scale reinforced concrete columns and slabs in the experimental studies.
Furthermore, the performances of full-scale reinforced concrete short corbels, deep beams, and continuous
foundations considered in the structure-soil interaction problem are examined in detail in the numerical
studies. The following results were obtained from the studies:
-

The seismic behavior of reinforced concrete flexural-critical columns produced from sustainable
concrete tested under different experimental conditions was similar to that of specimens made from
conventional concrete.

-

The seismic behavior of reinforced concrete shear-critical columns produced from sustainable
concrete tested under different experimental conditions was similar to that of specimens made from
conventional concrete.

-

The structural behavior of reinforced concrete slabs produced from sustainable concrete with or
without pozzolan tested under different experimental conditions was similar to that of specimens
incorporating conventional concrete.

-

The numerical analysis revealed that the sustainable concrete corbels' structural behaviors were
similar to those of conventional concrete corbels. Therefore, existing numerical simulation models
(finite element method and truss-analogy method) may be used for the numerical simulation of
sustainable concrete corbels.

-

The numerical analysis revealed that the Isoline Topology Design method might be used for the
structural optimization of sustainable concrete members.

-

The soil-structure simulations revealed that sustainable concrete and sustainable filling materials
might be used to produce continuous foundations.

Although these experimental and numerical simulations contain a wide range of research variables, there is an
obvious need for further studies to reach more general conclusions on using sustainable concrete in
constructing reinforced concrete members.
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The Mechanical Properties of Green
CO2ncrete Containing High Proportion RCA
Ayten Caputcu1, Asaf Akyol2, Hatice Busra Sari3, Ilyas Saribas4
Abstract
Due to the rapid increase in the world population, many people are migrating from rural areas to cities.
People migrating from rural areas to urban centers make these places their homes and rapidly increase
the population in these cities. Thus, providing housing, energy, transportation, and other essential
services to this growing population in urban centers has become unsustainable. In addition, a large part
of the population in earthquake-prone countries lives in regions under disaster risk. Considering the
parameters mentioned above, the basic shelter needs of the population living in urban centers should be
solved safely and economically. Solving this need safely and financially is possible by making the risky
areas safer. Furthermore, regarding the insufficient disaster resistance of the building stock in urban
centers where the population is densely lived, safe and economic transformation gains even more critical.
The safe and economical way of transforming these areas under disaster risk is urban transformation.
Therefore, it will be possible to make the existing building stock in high-risk areas resistant to disasters
with the urban transformation method. This method aims to demolish the structures that are not resistant
to disasters and build new ones. Thus, a lot of waste concrete will emerge in this process. While there is
more than one method for eliminating waste concrete, the most effective method among these is recycling.
Thanks to this method, recycled concrete aggregate may be obtained from waste concrete. Besides,
concrete produced from recycled aggregates is called green concrete or sustainable concrete. It should
also be highlighted that detailed experimental and numerical studies have been carried out in recent
years to demonstrate the usability of green concrete instead of conventional concrete. In most of these
studies, it has been stated that recycled concrete aggregate and green concrete may be used in the
production of new structures if the material conditions of codes are met. In this study, an experimental
study has been conducted to determine the mechanical properties of green co2ncrete containing a high
proportion of recycled concrete aggregate. Based on the fresh and hardened concrete tests, the
mechanical properties of green concrete are similar to those of conventional concrete.
Keywords: Recycled Concrete Aggregate, RC members, Natural aggregate, Green concrete
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1. MATERIALS AND METHODS
In this study, the source of RCA is 20-year-old sub-standard structures constructed according to traditional
construction techniques and materials. The concrete compressive strengths of these structures ranged from 5
MPa to 15 MPa. These structures were demolished to obtain recycled concrete aggregate (RCA) and then
cleaned from extraneous materials and reinforcement by hand. No acid treatment was implemented during the
cleaning process. Then the waste concrete was transported and crushed at an aggregate production plant using
a jaw crusher and hammer mill crushers (Figure 1). After that, the material was sieved into three fractions: 05 mm, 5-12 mm, and 12-22 mm [1].

Figure 1. The recycling process of low-strength waste concrete

One of the primary purposes of this study is to investigate whether RCA obtained from low-strength waste
concrete may be used in producing green concrete (GC) with 30 MPa and higher strength without
significantly increasing the amount of cement in the concrete. Therefore, several aggregate tests (observation,
sieve analysis, water absorption capacity, particle density, physical abrasion resistance, and methylene blue)
were conducted to reveal whether the RCA obtained from low-strength waste concrete may be used in new
concrete production. Based on the aggregate tests, it was decided that the RCA could be used to produce
green concrete. The compressive strength was obtained based on the tests on cube specimens (150 mm) (TS
EN 12390-3). The strength values obtained from the experiment are presented in Figure 3. It is seen from the
figure that the strength of GCs’ is similar to that of conventional concrete (CC) (Figure 3) [2-6].

(a)

(b)

(c)

Figure 2. The production process of green concrete
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Figure 3. The compressive strengths of green concrete (GC) and conventional concrete (CC)

2. CONCLUSION
In this study, an experimental campaign was carried out to reveal whether the recycled aggregate obtained
from low-strength waste concrete and the green concrete produced from this aggregate are alternative
products to both natural aggregate and conventional concrete. The following results conclusions can be
drawn:
-

As a result of these tests performed on the recycled concrete aggregate obtained from low-strength
waste concrete, it has been found that this aggregate is an alternative product to natural aggregate.

-

It has been obtained that the mechanical properties of green concrete containing recycled concrete
aggregate obtained from low-strength waste concrete are similar to conventional concrete.

-

These results concluded that both recycled concrete aggregate and green concrete could be
alternative products to natural aggregate and conventional concrete.

Although the experimental study contains a wide range of research variables, there is an obvious need for
further studies to reach more general conclusions on using green concrete in conventional structures.
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The Effects of Waste Autoclaved Aerated
Concrete Powders on the Compaction and
Consistency Properties of Kaolin
Tolgahan Kevser1, Hüseyin Çiftçi1, Hazal Berrak Gençdal1, Nazife Özge
Fercan1*, Zülal Akbay Arama2
Abstract
The effect of autoclaved aerated concrete (AAC) waste on the compaction and consistency properties of
kaolin has been investigated in the scope of this study by an experimental process. The kaolin used in the
research is classified in the group of low plasticity silt according to the Unified Soil Classification System
(USCS). The AAC planned to be used after mixing with kaolin was supplied as fractured blocks from
school construction sites which are specified as waste materials and cannot be used in construction since
they got damaged. In this context, consistency and standard compaction tests were applied in the
laboratory to investigate the effect of waste aerated concrete additive powder crushed in the laboratory
on the geotechnical properties of kaolin-type soils. As a result of the experiments, the AAC additive
increased liquid and plastic limits whereas decreased the maximum dry density. In addition, though the
soil samples were taken for unconfined compression tests, a layered structure was observed in the
samples that prevented carrying out the testing.
Keywords: Autoclaved Aerated Concrete Powder (AACP), Kaolin, Compaction, Consistency

1. INTRODUCTION
In modern urbanization, civil engineering has undergone some innovations including the usage of recyclable
materials. As the residential areas have reached high limits of structural components, geotechnical engineers
are required to utilize the weak soils as well. There are various stabilization methods for the weak soil
problems leading to high settlement rates of residential areas and road embankments, bearing capacity, and
slope failures. The stabilization methods improve mainly the strength and rigidity properties of soils by
compacting and mixing with some additives. Lately, the usage of construction wastes in soil stabilization has
been a significant issue since it contributes to recycling and environmental sustainability [1]. Besides,
nowadays autoclaved aerated concrete has been one of the most commonly used lightweight materials in
construction throughout the world and in the near future, it can be the source of a huge construction waste [2].
Many researchers have been working on how to recycle waste materials for the benefit of both environment
and engineering purposes.
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Geotechnical engineers are applying various solutions to improve the strength properties of soils till the
beginning of urbanization by considering technological developments, economical perspective, and
ecological factors. Besides, the stabilization of soil by additives like lime, fly-ash, waste tires, artificial
polymers, metal dross, and marble dust ([3], [4], [5], [6], [7]), a new material-autoclaved aerated concrete has
come into use. As a construction material, AAC was firstly invented in 1923 in Sweden, and it was first
produced for the industry in 1929. The AAC was used widely in Germany from the beginning of the 1950s
for the reconstruction of Germany.
AAC is defined as a lightweight and durable material that provides lower construction costs. According to TS
453 (1989) [8], it is produced by mixing finely granulated siliceous aggregate (sand, quartz, or fly-ash),
inorganic binding material (lime/concrete), and aluminum powder to obtain a lightweight and porous
structure. The technical report of the AAC manufacturing plant in Gümüşhane Province (2021) declares that
AAC was used for the construction of 4 million structures in 50 years by the production of 50 million cubic
meters AAC [9]. The annual production capacity of this material was announced as 6.832.200 m3 at the end
of 2020 in Turkey and it was explained that this amount will increase to 7.438.200 m3 in 2021 by the newly
operated manufacturing plants. Turkey is placed on top in Europe by these production capacities. In the near
future, recycling of these construction materials will be a must more than a need since the structures will
complete their economic life and will create a huge source of waste damaging to the environment however
beneficial for the building industry.
Martinez et al. [10] mention that the demolition waste of construction works includes a rate of 70%
construction and demolition waste. Considering that, many studies lately focused on the recycling of
construction and demolition debris for different applications; roadway base design ([11], [12], [13], [14],
[15], [16]) and pipe backfilling for storm water and sewer pipes [17]. The recycled construction and
demolition waste materials are mainly composed of crushed brick, recycled concrete aggregate, reclaimed
asphalt pavement, waste rock, and fine recycled glass. In addition to these materials, waste AAC has been the
agenda topic as construction waste. Alpyürür [18], Alpyürür and Şenol [19], and Devlet [20] investigated the
soil stabilization by waste AAC on clay-type soils. They applied strength tests on the soil mixtures by
gradually increasing the AAC additive to detect the effect of this waste material.
Likewise, in the context of this study, an investigation program has been conducted regarding the soil
improvement performance of AACP as an additive by testing the mixture of kaolin type soils and AAC to
define the consistency and compaction properties. This study can be evaluated as a prior overlook for a
common project that is continued by Istanbul University-Cerrahpaşa and Istanbul Kültür University.

2. MATERIAL AND METHOD
In the context of this study, the kaolin type of soil was used as the fundamental component of the
investigations. The kaolin type used in this study, was procured from Yüksel Kaya Makina in Ankara and
shown in Figure 1.

Figure 1. The type of kaolin soil used in this study

The kaolin soil was kept in an oven for 24 hours before each geotechnical test was applied, and the degree of
exposure to the humidity of the environment was tried to be minimized. Followingly, sieve analysis (ASTM
D-422, [21]), liquid limit (ASTM D-4318, [22]), and plastic limit (ASTM D-4318) tests were applied to
classify kaolin soils according to the Unified Soil Classification System (USCS). The application of liquid
and plastic limit tests is given in Figure 2 and Figure 3 respectively.

Figure 2. The application of liquid limit tests on kaolin samples (ASTM D4318)

2
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Figure 3. The application of plastic limit tests on kaolin samples (ASTM D4318)

In addition, maximum dry unit weight and optimum water content values were determined by the Standard
Proctor test performed according to ASTM D1557 [23]. According to the test results, the optimum water
content (wopt) is 31.5% and the maximum dry unit weight (γdry-max) is 13.3 kN/m3. The application stages of
the Standard Proctor test are shown in Figure 4.

Figure 4. The application stages of Standard Proctor test on kaolin samples (ASTM D1557)

As a result of the experiments carried out depending on the ASTM D4318 standard of kaolin, the liquid and
plastic limit values were determined as 43.13% and 31.40%, respectively. According to the Unified Soil
Classification System, the kaolin used in the experiments was determined as low plasticity silt (ML).
In order to examine the effect of AACP on kaolin samples, which is low plasticity silt, samples with 15%
additives by weight were prepared. The AAC wastes have been collected from the construction sites in the
European side of Istanbul by the Istanbul Governorship Investment Monitoring and Coordination Unit, and
they were selected from materials that were damaged in the school projects under construction and
determined to be unusable in construction. The block type AAC was brought to Istanbul Kültür University's
geotechnical engineering laboratory and crushed in various granulometry. Within the scope of this study,
AAC was used as an additive in the experiments as a powder material with a grain size smaller than No 200
sieve. The mentioned gradation process of the AAC is given in Figure 5.

Figure 5. Gradation stages of waste autoclaved aerated concrete

The technical specifications of the AAC used are given in Table 1. The consistency and compaction tests
applied within the scope of the study were applied for pure kaolin (100% Kaolin mineral) and 15% by weight
AACP added kaolin (15% AACP).
Table 1. The technical specifications of the AAC
The production standard
Average compressive strength
Average gross dry density

TS EN 771-4
2.5 N/mm2
400 kg/m3

These tests can be considered as the beginning of a common project between Istanbul University-Cerrahpaşa
and Istanbul Kültür University with the intent to inspect the usability of AAC and different construction
waste materials in the improvement of different soil types by conducting prior definer geotechnical tests with
mixtures.
In the studies carried out by Alpyürür [18] in the literature, the effects of 5%, 10%, 15%, 20%, 25% AAC on
high and low plasticity clay and sand type soils were examined. In the thesis conducted by Devlet [20], the
effect of AAC was examined on highly plastic clayey type soils at the rate of 5%, 10%, 15%, 17%. The
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addition of 15% by weight of aerated concrete used in this study has been selected as an average value by
examining other mentioned studies in the literature. The most important factor that distinguishes this study
from the aforementioned studies is the specifications of the kaolin-type soil that was used.
The consistency and compaction tests have been conducted respectively for the rate of 15% AAC additive.
The mixture of soil and additive samples that have been taken to determine the water contents (ASTM
D2216, [24]) from compaction tests from 15% AAC mixed soil is given in Figure 6.

Figure 6. The samples taken from 85% kaolin and 15% AAC mixture to determine the water content after compaction test
(ASTM D2216)

The sample preparation process for the application of unconfined compression tests (ASTM D2166-06, [25]),
was performed in a standard compaction mold. The samples were remolded considering the optimum water
content values. Figure 7 shows the samples obtained in the dimensions of 3.5 cm x 7 cm for the unconfined
pressure test.

Figure 7. Unconfined pressure test samples of 85% kaolin and 15% AAC mixture

3. RESULTS AND DISCUSSION
The results of the performed tests have been interpreted interdependently in this section of the study. The
results of the conducted liquid limit tests are given in Figure 8 for pure kaolin and 85% Kaolin + 15% AACP
mixture.

Figure 8. The results of the conducted liquid limit tests for pure kaolin and 85% Kaolin + 15% AACP mixture

Besides, the results of the conducted plastic limit tests and the calculated plasticity index (PI) values are given
in Table 2 for pure kaolin and 85% Kaolin + 15% AACP mixture. It can be clearly seen that the addition of
AACP to kaolin soil increases the liquid limit and plastic limit about 14% and 8% respectively. The plasticity
index has been affected approximately about 30% from that increase.
Table 2. The results of consistency limit tests for pure kaolin and 85% Kaolin + 15% AACP mixture
Type of sample

LL (%)

PL (%)

PI (%)

%100 Kaolin

43.13

31.40

11.73

%85 Kaolin+%15 AACP

49.15

33.93

15.22

4
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The results of the standard compaction tests are in Figure 9 in an integrated manner. The optimum water
content (wopt) of 85% kaolin + 15% AACP mixture was determined as 32% and the maximum dry unit weight
(γdry-max) as 12.9 kN/m3. The addition of 15% AACP to kaolin increased the optimum water content value at a
rate of 1.6% and decreased the maximum dry unit weight value by 3%.

Figure 9. The results of standard compaction tests for pure kaolin and 85% Kaolin + 15% AACP mixture

Besides, a remarkable situation has occurred throughout the process of preparation of the uniaxial
compressive strength test samples. It was observed that the samples obtained using the standard compaction
mold had formed a layered structure (Figure 7). Considering that the situation in question occurred by the
usage of the sampler under unsuitable conditions, the sampler had been lubricated again and the compaction
and sampling process was repeated. However, similar layered structures were observed in the sample again.
Considering that the sample may have been affected by the ambient humidity, the kaolin was kept in the oven
for 24 hours and the experiments were repeated sequentially without waiting. However, samples were
obtained with a similar layered structure once again. Moreover, the gradation of the kaolin soil used is
considered another possibility for that structure; and it is estimated that a sample that could not hold itself and
distribute the water homogeneously could not be obtained properly due to the silt-containing material.
Therefore, it is planned to obtain the gradational and mineralogical composition of both the autoclaved
aerated concrete and the used type of kaolin soil by detailed analysis within the context of the project.

4. CONCLUSIONS
This paper contains the first evaluations of an experimental process that can be considered the initial step of
project work under evaluation. The aim of the study is to inspect the usability of aerated concrete material,
which can be considered waste, in the improvement of soils. For this purpose, within the scope of this study,
the consistency, compaction, and unconfined compression tests on pure kaolin soil and 85% kaolin and 15%
AACP added kaolin soil mixture were evaluated. The results obtained as a result of the tests carried out on
low plasticity silty kaolin and powder of AACP mixtures are summarized below. By the addition of the
AACP to kaolin:
•

The values of liquid limit, plastic limit and plasticity index increased slightly.

•

Maximum dry unit weight decreased and optimum water content increased.

•

The unconfined compression test could not be applied because the sample could not hold itself
and/or the sample could not be prepared in accordance with the test. However, one of the most
important parameters used in determining whether the additive used for improvement studies is
effective or not is the strength. The change in strength values gives important information about the
usability of the additive in soil stabilization. Therefore, it was observed that the effect of autoclaved
aerated concrete powder wastes in terms of strength on the stabilization of the kaolin-type soil used
could not be achieved for the type of soil used.

The following evaluations were obtained as the improvable aspects of the study and were added to the scope
of the project work mentioned in the paper.
•

Repeating the tests with different soil types, different additive ratios, and curing times.

•

Evaluation of the chemical interaction of the soil types used with aerated concrete.

•

Investigation of the effect of AACP wastes in the presence of another primary binder by
standard compaction, unconfined compression, and consolidation tests.

•

Investigation of the effect of the gradation of both soil and AACP on the tests by liquid,
plastic, and shrinkage limit tests.
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Investigation of the Use of Industrial Solid
Waste as a Concrete Additive
Yusuf Kilic1, Mutlu Yalvac2, Melis Gun3, Hudaverdi Arslan4
Abstract
In this study, the usability of industrial solid wastes as concrete additives was investigated. In the study,
atermit waste, wood processing plant waste, and pomace ash were used. The industrial wastes used in the
study were ground to cement consistency under laboratory conditions and used in experiments. The
wastes used in the studies were added to the concrete by weighing 10% and 20% by mass of the cement
used in the concrete produced in the experiments. The produced concretes were first subjected to a slump
test, then cube samples of 15x15x15 cm dimensions were prepared and these samples were placed in the
curing pool. The concretes produced were compared with the unreinforced concrete. According to the
test results, the highest compressive strength among the concrete samples prepared with and without
admixture was obtained with the concrete sample using 10% woodworking plant waste.
Keywords: Concrete, Concrete Additive, Concrete Compressive Strength, Industrial Waste.

1. INTRODUCTION
In this period when the rapidly increasing population, developing technology and human needs are at the
highest level, the activities of human beings and the wastes resulting from these activities and their contents
vary. Due to the increase in the amount of waste, there are problems in the transportation, storage and storage
costs of the wastes and the creation of storage areas. As long as human life continues, there will be needs for
housing, education, health and urban needs. In order to meet these needs, housing, hospitals, schools, roads,
etc. structures will be made. Concrete is the most important requirement for these structures to occur.
Concrete contains gravel, water, air and cement. Cement is the most costly and used product among these
materials. Therefore, the need for cement has increased in response to the increasing need for concrete.
Products that can be used instead of cement are constantly being researched and various products are used by
mixing them with cement in certain proportions.
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During the production of products used as roofing materials, waste is generated daily and these wastes are
primarily collected in waste sludge ponds. The pools are emptied at regular intervals and the sludge formed is
dried and taken to the waste sites. Wastes, as content originating from production; cement consists of
inorganic fibers used in textiles, cellulose fibers, cement chemicals and water [1]. Since the wastes cannot be
evaluated in the current situation, they are dried and laid on the landfills. As it does not contribute to the
economy, the disposal of waste also creates an expense and cannot be evaluated.
As a result of woodworking industry activities, fibrous wastes are formed and kept in the resting pool. The
sludge that settles in the settling pool is collected at regular intervals and taken to the landfills and stored.
These wastes are also non-recyclable wastes. Industrial wastes are increasing day by day in line with
developing technology and increasing needs. With today's technology, it has been determined that industrial
wastes can be prevented from harming human health by wild storage in secluded places, as in previous years,
and it is possible to dispose or recover wastes by collecting them in certain regions or units. Thanks to the
technological developments in our country, as in all parts of the world, many studies and examinations have
begun to be made on the evaluation of industrial solid wastes. In these studies, researchers determined and
predicted which waste could be converted into which product and for what purpose.
It is known that natural resources are used excessively in the concrete sector. An average of 10 billion tons of
aggregate, 1.6 billion tons of cement and 1 billion tons of water are consumed every year in the world for
concrete production [2]. In cement production, 3 billion tons of raw materials and 3x108MWh energy are
needed annually. In addition, the carbon dioxide gas released during cement production constitutes 7% of the
total carbon dioxide emitted [3].
The product obtained as a result of grinding the material called "clinker", which is formed by firing limestone
and clay-based raw materials at high temperatures, together with a very small amount of gypsum, is called
portland cement. As a result of mixing this product with water, it shows chemical reactions and shows
binding properties [4].
In a study on concrete prepared with natural pozzolana additive, it was determined that the use of some
natural pozzolan instead of portland cement had a low effect on the workability of the concrete. The fact that
the pozzolan used in concrete is the same as that of portland cement does not generally change the
workability of the concrete [5].
The use of additives with pozzolanic properties in cement production constitutes the majority. Pozzolans or
pozzolanic materials are silica or siliceous aluminous materials that do not have a binding property on their
own, but have a binding property in concrete by reacting with slaked lime at normal temperature, finely
ground and in humid environments [6].
Pozzolans are divided into two as natural and artificial, according to their formation.
In terms of their reaction capacity, all pozzolans consist of three main components [7].
- Inert components: Crystal phases (augit, pyroxene and pure china) differing from zeolites.
- Active ingredients: more or less altered glass phases, diatomaceous earth, opal, zeolites.
- Harmful (undesirable) components: Organic substances, carbon substances and in [8].
Pozzolans are used in concrete at different rates of cement weight.
This ratio is recommended from 15% to 40% [9].
Additive Portland cement is blocks of cement that are obtained by adding more than 5% of pozzolan and
similar mineral additives to the cement, which varies depending on the type and amount of the additive [10].
The addition of additives with different chemical, physical and mineralogical properties to cement causes
significant differences in the cement system. For this reason, it is inevitable for concretes produced with types
of cement containing different additives to have different strengths and performances [11]. Cementcontaining additives can be defined as basic material that meets the needs of today's modern buildings.
Cement-containing additives both have performance properties that Portland cement (or CEM I) does not
have, and also allow the beneficial use of secondary products used in the steel, silicon, and electrical
industries [12].
Adding pozzolana to concrete reduces the strength of cement and concrete in the early stages (in the first 28
days), and the final compressive strength value can reach or even exceed the final compressive strength value
of portland cement, depending on the type and amount of added admixture. Concrete strength values decrease
rapidly when the amount of pozzolan exceeds certain percentages. Because the amount of lime required for
the full reaction of the pozzolana is low, it does not contribute to the concrete strength [13].
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In a study examining the effect of using natural pozzolana instead of some portland cement in concrete on the
slump value, he used scoria, a volcanic rock, by grinding in different concrete mixtures and found that using
scoria instead of cement in concretes with high cement dosage reduced slump. This amount of reduction in a
slump is directly proportional to the rate of cement substitution of the story. In addition to this finding, the use
of slump in concretes with a cement dosage of 300 kg/m3 or less did not have significant effects on the slump
value [14].
Diatomaceous earth has highly rough surfaces and due to its high specific surface areas, it makes the
workability of concrete difficult. Therefore, if diatomaceous earth is used as pozzolans, chemical plasticizers
should be added to the concrete. The use of diatomaceous earth in concrete in low amounts prevents sweating
and increases the plastic properties of concrete [11].
In this study, the usability of athermite and woodworking plant wastes, which are industrial solid wastes, as
concrete additives by adding them at different rates was investigated. The produced concretes were first
subjected to the slump test, then cube samples of 15x15x15 cm were prepared and these samples were kept in
the curing pool. Concrete compressive strength tests were performed at the end of the 7th and 28th days on
the samples kept in the curing pool. The produced concretes were compared with the concrete without
additives.

2. MATERIAL AND METHOD
2.1. Material
2.1.1. Aggregate
It is known that crushed stone aggregates are more effective than other aggregate types, especially in the
production of high-strength concrete. Under the same conditions, crushed stone aggregates gave better
compressive strengths by 20-50% [15], 30-35% [16] compared to other aggregate types. The reason for this
can be explained by the fact that the crushed stone aggregates, which have an indented and angular shape,
form a better interlocking in the concrete and provide a high adherence at the aggregate and cement paste
interface. The aggregates used are given in Figure 1.

Figure 1. A. 0-4 mm diameter aggregate used in the experiments B. 4-12 mm diameter aggregate C. 12-22 mm diameter
aggregate (crushed stone)

2.1.2. Cement
The cement used in the concrete mixtures in the test studies is the CEM-II/A-M(P-L) 42.5 R type cement
produced by Çimsa Çimento Sanayi ve Ticaret A.Ş. and produced in accordance with the TSE standards used
in the construction industry. The chemical properties of the cement used in the study are given in Table 1 and
the physical properties are given in Table 2.
Table 1. Chemical properties of cement
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Chemical
properties

Analysis Results (%)
CEM II/A-M(P-L) 42,5 R

CaO

1.4

SO₃

3.04

Cl ˉ

0.0032

Trass

10.23

Limestone

5.57
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Table 2. Physical property of cement
Physical property

CEM II/A-M(P-L) 42,5 R

Specific weight (g/cm³)

3.06

Setting Time

Initial(hour:minute)

2:30

Finish(hour:minute)

3:30

Volume Constancy (mm)

2

Liter Weight (g/L)

1000

Compressive Strength (N/mm²)

2 days

24.3

28 days

43.9

2.1.3. Atermite Factory Waste
The waste of the Atermit factory, which operates throughout Turkey and produces roofing materials in
Adana, was ground and used in the experiments.
Wastes of the Atermite factory; During the production of products used as roofing materials, waste is
generated daily and these wastes are primarily collected in waste sludge ponds. The pools are emptied at
regular intervals and the sludge formed is dried and taken to the waste sites. Wastes, as content originating
from production; cement consists of inorganic fibers used in textiles, cellulose fibers, cement chemicals and
water [1].
The waste sample from the atermite factory is fibrous and muddy when first taken. After the waste was dried
and thoroughly dehumidified, it was pulverized with the help of a mixer-grinder. The powdered waste was
then analyzed for content in the XRF device. Analysis results are given in Table 3. According to the content
analysis result of the XRF device, it has been determined that it is close to the features that artificial
pozzolans should provide.
Table 3. Content analysis of atermite waste in XRF
Compound

% Content
amount

Compound

% Content
amount

Na₂O

0.19

Cr₂O₃

0

MgO

1.59

MnO

0.29

Al₂O₃

4.28

Fe₂O₃

2.12

SiO₂

18.30

NiO

0.017

P₂O₅

0.041

CuO

0

SO₃

2.30

ZnO

0.018

Cl

0.35

Rb₂O

0

K₂O

0.82

SrO

0.11

CaO

33.22

BaO

0.061

TiO₂

0.28

ZrO₂

0

2.1.4. Woodworking Plant Waste
Woodworking plant is a company operating worldwide and working on woodworking. The product we used
in the experiments is the sludge that settles to the bottom of the waste water in the resting pools of the
woodworking plant.
The waste of the woodworking plant was dried thoroughly and powdered with the help of a mixer-grinder.
The powdered waste was then analyzed for content in the XRF device. According to the content analysis
result of the XRF device, it has been determined that it is close to the features that artificial pozzolans should
provide. It is shown in Table 4.
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Table 4. Content analysis of woodworking plant waste in XRF
Compound

% Content
amount

Compound

%
Content
amount

Na₂O

0.20

Cr₂O₃

0.090

MgO

2.59

MnO

0.45

Al₂O₃

5.75

Fe₂O₃

4.89

SiO₂

33.89

NiO

0.036

P₂O₅

1.82

CuO

0.021

SO₃

0.38

ZnO

0.036

Cl

0.10

Rb₂O

0.008

K₂O

5.50

SrO

0.068

CaO

28.39

BaO

0

TiO₂

1.83

ZrO₂

0.012

2.2. Method
In this study, C-25 resistant, admixture-free concrete was produced using CEM-II 42.5 R type cement, in
which industrial wastes were used as additives. In order to investigate its effect on concrete strength, first of
all, C-25 concrete without additives was produced, and then, as indicated in Table 5, the wastes to be used as
additives were prepared by adding 10% and 20% of the cement ratio by mass.
Table 5. Materials used for 1 m³ of concrete for C-25, theoretically without additives
1000 dm³
Cement
0-4 mm aggregate
4-12 mm aggregate
12-22 mm aggregate
Water
Total

350 kg
879 kg
257 kg
451 kg
234 kg
2171 kg

Prepared for experiment 25
dm³
8.750 kg
5.845 kg
21.965 kg
6.425 kg
11.285 kg
54.27 kg

The sequence followed in concrete production;
1. First of all, the aggregate mixture and cement required for 25 dm³ of concrete were calculated as a
reference, weighed on the scale and put into the concrete mixer.
2. Mixer was started to mix aggregate and cement.
3. The determined amount of water was slowly added into the concrete in such a way that it was completely
poured.
4. After all the water was added to the mixture, the mixture was continued to be stirred for 5 minutes.
5. After the mixing process was completed, the concrete in the mixer was taken to a wheelbarrow and mixed
further with a shovel for the slump test.
6. After mixing, the slump value of the mixture was determined.
7. After these processes, the mixture was placed into cube molds (15cmx15cmx15cm) previously lubricated
with mold oil, by applying vibration and ramming.
8. In order to make the surface of the concrete molds smooth, the upper surfaces of the samples were
smoothed with the help of a trowel.
9. After the prepared samples were dried, they were taken into the curing pool. For 7-day and 28-day crushing
(pressure strength test), 6 samples were each molded and kept in water.

2.2.1. Slump Test
The slump test was carried out according to TS EN 12350-2 "Concrete-Fresh Concrete Tests-Part 2: Slump
Test" [17]. The result of the experiment is obtained by comparing the height of the fresh concrete compacted
by filling the funnel with certain dimensions with the height of the concrete after the funnel is pulled out. The
difference in height was taken as the slump value.
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The test sample was taken to represent the concrete and the test was carried out for each concrete mix. The
slump test of the prepared fresh concrete was carried out before the concrete was placed in the mold. After the
settling funnel and table were cleaned and wiped with a wet cloth, they were placed in a smooth place. 1/3 of
the funnel was filled with concrete and skewered 25 times with a skewer. Then, 1/3 of it is filled and it is
skewered 25 times until it enters the previous layer by 2.5 cm. The remaining 1/3 part was filled and spuded
25 times again, and after the surface was smoothed with a trowel, the funnel was slowly lifted and placed next
to the concrete mass. The distance between the steel bar extended horizontally from the upper surface of the
funnel and the collapsing concrete mass was measured with a steel ruler and recorded.

2.2.2. Compressive Strength Test
7h and 28th days compressive strength tests of cube concrete samples, which were kept in the curing pool for
7th and 28th days, were carried out according to the TS EN 12390-3 standard [18].

3. RESULTS AND DISCUSSION
3.1. Slump Tests of Concretes with and without Additives
The results of the slump experiment are given in Table 6. According to the consistency of concrete without
additives, S5 class concretes were produced. As a result of the slump tests, it was determined that the
concretes in which additives were used were classified as S5 in terms of consistency.
Table 6. Results of Slump tests
Concrete
Grade

C-25
C-25
C-25
C-25
C-25

Cement Type
CEM II 42,5
CEM II 42,5
CEM II 42,5
CEM II 42,5
CEM II 42,5

Cement
Amount (kg)

350
350
350
350
350

Mineral Additive Type
Unadulterated

Mineral Additive
Amount (kg)

Athermite Waste

Woodworking Plant Waste

Athermite Waste

Woodworking Plant Waste

35
35
70
70

Slump
(cm)

22
22
22
22
22

3.2. Compressive Strength Tests of Additive-Free and Additive Concretes
In this study, C-25 concrete was produced without additives and the concretes with additives were compared
with the produced C-25 concrete without additives (Table 7 and Table 8). Considering the results of the
compressive strength tests of concrete in which athermite waste and woodworking plant waste are used as
concrete additives; Additives in the amount of 10% and 20% of the cement amount were added to the
concrete and compressive strength tests were carried out. All concrete samples were taken to the 7 and 28 day
strength tests. The average compressive strength was recorded by taking 3 samples from each sample and
subjecting them to the compressive strength test. The 7-day strength of the C-25 class concrete prepared
without additives was measured as 24.64 Mpa on average. On the other hand, among the concrete samples
containing 10% admixture, the highest value was obtained from the concrete sample prepared from
woodworking plant waste with a compressive strength of 26.16 Mpa. The concrete sample, in which
athermite waste was used, was measured as 25.07 Mpa as a result of 7 days of crushing, and it was
determined that it showed a resistance close to the concrete without additives. The 28-day compressive
strength of unadulterated concrete was measured as 32.71 Mpa. It has been observed that the 28-day strength
of the concrete, in which athermite waste is used, is 35.30 Mpa. In general, the strength of concrete is
obtained in 28 days and accordingly, information about its usability in practice is obtained.
Table 7. 7th and 28th days compressive strength results of concrete with 10% additive added
Concrete
Grade

Cement
Type

Cement
Amount
(kg)

Mineral Additive
Type

Mineral
Additive
Amount (kg)

7-day
Average
(Mpa)

28-day
Average
(Mpa)

C-25

CEM II 42,5

350

Unadulterated

-

24.64

32.71

C-25

CEM II 42,5

350

Athermite Waste

35

25.07

35.30

C-25

CEM II 42,5

350

Woodworking Plant
Waste

35

25.36

36.74
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Table 8. 7th and 28th days compressive strength results of concrete with 20% additive added
Concrete
Grade

Cement
Type

C-25
C-25

CEM II 42,5
CEM II 42,5

C-25

CEM II 42,5

Cement
Amount
(kg)

350
350
350

Mineral Additive
Type
Unadulterated

Athermite Waste

Woodworking Plant
Waste

Mineral
Additive
Amount (kg)

35

7-day
Average
(Mpa)
24.64
20.82

28-day
Average
(Mpa)
32.71
28.81

35

20.72

29.02

3.3. Flexural Strength / Compressive Strength Tests
3-point bending test was applied to the concrete samples with and without admixture on the 7th and 28th
days. The flexural strength / compressive strength % ratios were calculated and the sample with high
efficiency was determined (Table 9). The flexural strength test on the 28th day was measured as 7,721 MPa,
and the compressive strength was measured as 47,662 MPa. The sample with the highest flexural strength /
compressive strength ratio was calculated as 21,17% of the athermite waste added concrete sample.
Table 9. Relationship Between Flexural and Compressive Strength

Unadulterated

Athermite
Waste

Woodworking
Plant Waste

Concrete crushed on the 7th day
Ratio ( % )
Concrete Strength (MPa)
Flexural strength/
Compressive
Pressure
Bending
strength
44.802
6.818
15.22

Concrete crushed on the 28th day
Ratio ( % )
Concrete Strength (MPa)
Flexural strength/
Compressive
Pressure
Bending
strength
47.662
7.721
16.20

43.933

5.333

12.14

44.167

9.347

21.17

47.068

8.007

17.01

59.579

10.470

17.57

3.4. FT-IR Analysis Results of Additive-Free and Additive Concretes
Figure 2 shows the FT-IR results of unadulterated concrete. According to these results;
The athermite-added concrete sample has peak values in the band 476.33, 530.33 and 3381.57 cm-1. The
function group (Si-O) peak point was determined at 476.33 cm-1. Peaks of 530.33 cm-1 and 3381.87 cm1indicate the presence of (Si-O strong) and (O-H) functional groups, respectively (Figure 3).
Three new peaks were observed in the sample prepared with woodworking plant waste. The functional group
(Si-O strong bond) peaked at 501.40 cm-1. The functional group (C-O-C strong bond) was observed at the
peak value of 1095.37 cm-1. The O-H functional group peak value was observed at 3380.60 cm-1 (Figure 4).
The permeability of the peaks in the three samples was determined differently. For example, the peak at
1410.67 cm-1has a permeability of 84.79 in the blank sample, while it is 100 in concrete with athermite
additive and 67.77 in concrete with woodworking plant waste (Figure 5).

Figure 2. 7th, 28th and 56th days FT-IR results of Admixture-Free Concrete
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Figure 3. 7th, 28th and 56th days FT-IR results of athermite-added concrete

Figure 4. 7th, 28th and 56th days FT-IR results of woodworking plant waste mixed concrete

Figure 5. Comparison of 56-day FT-IR results of 3 separate samples

4. PREVIOUS STUDIES IN THE LITERATURE
The use of industrial wastes in the concrete industry, which has been tried before in the literature, is given in
Table 10.
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Table 10. Some industrial wastes investigated for use in concrete
Waste

Target

Result

References

Silica fume

Improving concrete properties

Positive effect on properties such as
compressive strength, electrical resistance,
porosity

[19]

Blast furnace slag
and silica fume

To improve the mechanical and
physical properties of concrete,
resistance to corrosion

Increase in compressive strength, capillarity
coefficient and corrosion current density

[20]

Granular glass,
plastic and
fiberglass

Improving concrete properties

Increase in compressive and splitting tensile
strengths

[21]

Marble dust

Improving concrete properties

Positive effect on porosity

[22]

Iron shavings

Improving the mechanical
properties of concrete

It is suitable to use up to 50% instead of 0-2
mm Aggregate.

[23]

Wastewater
Treatment Sludge

Producing lightweight concrete

Positive effect on compressive and bending
properties

[24]

5. RESULTS
In this study, in which we investigated the effects of additives used in concrete production on the
performance of concrete by using industrial solid wastes, the results and suggestions obtained from physical,
mechanical and durability tests are given below.
By keeping the cement amounts of the prepared concrete samples constant, cube concrete samples were
prepared with the admixture amounts of 10% and 20% by mass of the cement, and first, the slump test and
then the compressive strength test was applied.
As a result of the collapse test; The 22 cm slump obtained in the concrete prepared without additives gave the
same result in other concretes with additives. The result of the slump test taken from the wood processing
plant and Atermite wastes was in the expected amount. However, the amount of slump obtained is not
sufficient for the use of these wastes as concrete additives.
As a result of 7-day compressive strength tests; The average result of three different samples of C-25 strength
class concrete prepared without additives was determined as 24.64 Mpa. The result obtained from the
concrete prepared with Atermite waste from the samples prepared with 10% additive was 25.07 Mpa. The
result obtained from concrete prepared with woodworking plant waste was 25.36 Mpa.
The 7-day crushing results obtained from the concrete samples prepared with 20% of the cement by mass
additives were 20.82 Mpa compressive strength in atermite waste and 20.72 Mpa compressive strength in
woodworking plant waste. According to the data obtained, the excessive use of wastes had a negative effect
on the concrete and reduced the strength of the concrete. The use of excessive amounts of additives does not
provide economic benefits and decreases the compressive strength. Better results have been achieved with the
use of a small amount of additives and it has been determined that it is suitable if its use in concrete is 10%.
As a result of 28-day compressive strength tests; the average result of three different samples of C-25 strength
class concrete prepared without additives was determined as 32.71 Mpa. The result obtained from the
concrete prepared with Atermite waste from the samples prepared with 10% additive was 35.30 Mpa. The
result obtained from the concrete prepared with woodworking plant waste was 36.74 Mpa.
The 28-day crushing results obtained from the concrete samples prepared with the additive of 20% by mass of
the cement showed a compressive strength of 28.81 Mpa in atermite waste, and a compressive strength of
29.02 Mpa in woodworking plant waste.
According to the results obtained; the increase in the additive ratio does not benefit the concrete strength, and
product consumption also occurs. Both 7-day and 28-day strength results of concrete with 10% woodworking
plant waste additive, where the best results were observed, were better than concrete without additives. Better
results were obtained with less material consumption.
When woodworking plants and Atermite wastes, which are among the industrial wastes used in the
experiments, are used as additives in concrete, they will cease to be waste and will be considered as a need for
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another product. The use of waste in this way will provide economic benefits and will be an alternative
solution to the waste problem.
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Methods for Raising Public Awareness of the
Need for Sustainable Waste Management
Ian D. Williams1
Extended Abstract
The management of wastes is vital in terms of preserving a clean and healthy environment for citizens.
Historically, the importance of the waste management sector to society’s quality of life has not really been
widely recognized and acknowledged. In fact, it has suffered from a poor image and has been characterized
as: “dirty work in dirty and dangerous places carried out by people with little or no qualifications for little
or no wages, sometimes just for subsistence on discarded materials.” However, we have started to see an
increase in public awareness and education relating to environmental issues, public consultation on
matters such as the siting of waste facilities, and the development of thinking and actions relating to
sustainable development.
We all know that our modern society faces many pressing problems, of which the development of a
sustainable approach to waste and resource management is just one. In developing countries there are
>50,000 dumpsites, with >2 million people working on them, that either need to be closed or require
significant improvement, while in developed countries there is a strong desire to use innovative ideas from
research projects and industrial partnerships to transition to a circular economy. This is especially true
for modern waste streams such as e-waste as it is one of the fastest growing and potentially one of the most
environmentally damaging and resource intensive global waste streams, with e-waste collection and
recycling being outstripped by e-product consumption. Recovering value from as much e-waste as possible
is essential to protect human health and the environment and avoid critical resource and economic losses.
Enabling effective resource management requires active public engagement and motivation – alongside
appropriate infrastructure and service provision - and this is hugely challenging. Many political,
environmental, social, technological, legal and economic approaches have been trialed, but only slow
progress has been achieved. This is partially because scientists frequently experience considerable
difficulties in communicating research findings to the public in an expedient way. Traditional methods of
public communication about waste - consultation papers and requests for comments; community
information (posters, leaflets, doorstepping, focus groups); meetings (private or public); citizens’ juries &
parliaments; workshops & seminars; advisory panels, committees and fora; stalls at fairs / events; mass
media campaigns (radio / TV / the Internet) – tend to have limited, mainly short-term impacts. Even very
high-profile campaigns in the UK – the use of popular children’s TV characters The Wombles to highlight
the problem of littering and the Waste and Resources Action Programme’s highly acclaimed “Love Food
Hate Waste” campaign did not stop litter and food waste, respectively, from continuing to rise. This is
because these methods tended to assume that the divergence between scientific and public views on such
topics are fundamentally caused by incomplete/flawed public knowledge, and so communication efforts
focused on public education and awareness raising. In fact, recent studies have highlighted that ideology,
not knowledge, best predicts environment-related attitudes and behaviour, leading researchers to move

1 Corresponding author: Faculty of Engineering and Physical Sciences, Wolfson Building (B15), University of
Southampton, University Rd, Highfield, SOUTHAMPTON, Hampshire, SO17 1BJ.
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away from investigating cognitive bias towards investigating the effectiveness of emotion-based
approaches.
The problem is particularly notable in waste management due to the scale and immediacy of the issues at
stake. Whilst the public may be aware of general waste management related issues, they may be unaware
of new and emerging issues and the collective positive impacts they can cause by changing their behaviour.
This is significant, since: i) citizen support is essential for implementation of new and/or ambitious wasterelated policies and ii) populism and its rhetoric are currently burgeoning, often influencing the public
away from policies based on science-based evidence, Hence, in order to communicate scientific findings in
a way that is more accessible to the public, new methods must be explored.
In his presentation, Professor Ian Williams will identify, explain and critically review previous methods of
consulting/communicating with the public and key stakeholders and highlight why they have often failed to
deliver anticipated success. He will explain why conveying the importance, gravity and potentially adverse
impacts of waste-related problems to the public effectively is a huge challenge. He will then introduce a
new and innovative communication method that uses intergenerational influence, combined with emotional
responses to music and art, which has been shown to help to promote pro-environmental attitudes and
behaviours. The so-called “TRACE project” was successful in developing a new way to communicate to
the public about e-waste through combining creative art and music, intergenerational influence and
science. The approach will be illustrated by reference to recent cases studies involving e-waste.
E-waste was selected for study because it is one of the fastest growing global waste streams. Consumption
of e-products far exceeds e-waste recycling rates. As e-waste accumulates scientists struggle to
communicate scientific findings and concepts effectively and expediently to the public in a way that raises
awareness and inspires discussions. The TRACE (TRAnsitioning to a Circular Economy with creative
artists) project was a collaboration between scientists, creative artists and primary schoolchildren to
develop new ways to communicate to the public about e-waste. It combined i) intergenerational influence
and ii) music / art to raise public awareness, educate and provoke discussion.
Two musical performances by schoolchildren and two art exhibitions by a professional artist were created
to evoke emotional responses to e-waste, particularly by imbuing e-waste with personality through
anthropomorphism in their songs and artwork. Key findings indicate that awareness was raised in
audiences, artists, schoolchildren, and their caregivers due to their involvement in the TRACE project;
99% of the audience reported a rise in awareness of e-waste issues; 70% of participants indicated an
intention to change e-waste disposal; and 65% indicated an intention to change reuse and repair behaviour.
Audiences demonstrated strong emotional reactions to the project alongside change in behavioural intent.
The degree to which awareness was raised, and its intensity, demonstrates the viability of the use of
intergenerational influence and the creative arts as tools to communicate environmental issues effectively.
The project consequently won a prestigious 2021 UK National Recycling Award for (communication)
Campaign of the Year (Large) and contributed inspiration towards the launch of a BBC TV series.
The TRACE method could therefore be used to generate public support for pro-environmental policies
based upon independently peer-reviewed, widely supported and trusted scientific evidence. This is a
significant finding, since citizen support is essential for implementation of ambitious environmental
policies.
Keywords: Waste management; Communication; Public;
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Characterization of Waste Collected in the
Channel Network of the City of Padova in the
Framework of Urban Mining
Valentina Poli1, Giacomo de Togni2, Maria Cristina Lavagnolo3
Abstract
Concern about plastic pollution in oceans and seas has risen dramatically in recent years, because of the
persistence of polymers in the environment and their hazardous consequences to marine life and
potentially to human health. However, the majority of the waste found in the environment has a landbased origin and it is transported toward the marine ecosystem through rivers and canals. Therefore,
actions taken to eradicate waste litter from waterways have direct consequences on the world’s oceans
health. In this study, three waste collection campaigns have been made during 2021 (early summer, late
summer and autumn) in three representative points of the channel network of the city of Padova. The
collected waste has been analyzed both in terms of dimensions and material type. A total of 418 kg of
waste has been collected: the prevailing fraction is the coarse one (59% of the material is intercepted by
a 100 mm side mesh sieve) and plastic represents the most abundant waste category (47% by weight).
Moreover, the total amount of litter produced in one year from the channel network of the city of Padova
has been estimated. These findings provide a baseline for considerations about the possibility to valorize
the waste collected from the waterways of the city with processes other than landfilling and incineration.
Keywords: freshwater, granulometric analysis, plastic pollution, polluted canals, trade analysis, waste
littering

1. INTRODUCTION
The phenomenon of waste littering in water is a widespread problem worldwide. Most of the waste is
abandoned in the environment by humans, transported through atmospheric events, and reaches as final
destination the waterways, such as rivers and canals, within cities. It is also well known that the main problem
related to waste abandonment concerns plastic materials. Canals and rivers act as "plastic highways",
transporting trash from cities to the sea: approximately 80% of marine plastic pollution derives from
terrestrial litter [1], [2].
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According to a study conducted by Coventry University in collaboration with Canal and River Trust ˗ a
charity that cares for 2,000 miles of waterways in the UK ˗ the situation can be changed by acting at a local
level, including the daily actions carried out by individuals to prevent the dispersion of plastic into the
environment [1].
The project "Padova e i suoi canali " – that means “Padova and its canals” - falls into this context, providing
for interventions of removal of floating and submerged waste from the banks and the bed of the canals of the
city of Padova [3], thus aiming to improve the quality state of the Padova channel network. This project of
public utility, in its third edition currently ongoing, conjugate the environmental benefits described above to a
social component, which consists in the training and employment of local manpower chosen among
unemployed people and migrants. The project has been executed by Piovego Cooperative.
In this study, three different waste collection campaigns have been performed in 2021 in three different canal
stretches of the city of Padova and a characterization of the collected waste has been carried out, in synergy
with Piovego Cooperative and with the technical support of LISA – Laboratory of Environmental Health
Engineering of the ICEA department (University of Padova). The collected waste has been characterized both
in terms of dimensions (granulometric analysis) and composition (trade analysis). The aims of the study are
hereafter reported:
-

figuring out the spatial and temporal variations in the waste dimensions and composition, through a
comparison between the waste characterization analysis of the three different canal stretches
investigated and the three different collection campaigns – early summer, late summer and autumn;

-

estimating the amount of waste per year produced by the channel network of the city, in order to
investigate whether the collected wastes are valuable through processes other than landfilling or
waste-to-energy (recovering or recycling).

2. MATERIALS AND METHODS
In this study, three different waste collection campaigns have been performed in 2021, at the beginning of the
summer season, at the end of the summer season and during the autumn season (Figure 1), in three different
canal stretches within the city of Padova –Tronco Maestro canal (A), Scaricatore canal (B) and Roncajette
canal (C).
Collection
campaign date:

Early summer

Apr 18th

Jun 24th

Jul 22nd

Late summer

Autumn

Sep 13th and 14th

Nov 23rd, 24th and 30th

Apr ‘21
Stretches:

Jan ‘22
B

A

C

A, B and C

A, C and B

Figure 1. Schematic representation of the time line of the collection campaigns, which are related to the canal stretches on
which they have been performed.

The choice of the three canal stretches has been made on the basis of their representativeness of the different
situations that can be encountered in the city of Padova:
-

In the Tronco Maestro canal stretch (A) – total length of 3.5 km – the totality of the waste found in
water has been collected, for a total of 84 kg in the three collection campaigns;

-

In the Scaricatore canal stretch (B) – total length of 220 m – the totality of the waste found on the
canal banks has been collected, for a total of 221 kg in the three collection campaigns. In this area it
has been decided to have a focus on the banks because people regularly congregate at this location
for recreational purposes, such as doing sports along the embankments or attending the bars and
cafes of the area as meeting places.

-

In the Roncajette canal stretch (C) the collection concerned a single point of the canal, which is
called Botte Kofler, that is an accumulation point for the wastes, due to the presence of an hydraulic
work. Here 114 kg of waste has been collected in the three collection campaigns.

After each collection campaign, a characterization of the collected waste has been performed. The waste has
been characterized by dimensions (granulometric analysis), after being distributed over a system of sieves
(with 200, 100, 80, 50 and 20 mm side meshes) and by composition (trade analysis), through a manual sorting
into six macro-categories (cellulosic material, plastics, metals, glass and inert, others and undersieve). In turn,
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some of the macro-classes have been divided into more specific categories, and in particular: plastics have
been divided between PET, PE (HDPE and LDPE), PP and PS, PVC and other types of plastic, metals were
divided between aluminum and other metals, and finally glass and inert materials have been divided between
glass and inerts. The percentage by weight of each waste category has then been calculated.

3. RESULT AND DISCUSSION
Not appreciable differences can be detected – both in terms of waste dimensions and composition – between
the three different waste collection campaigns, made respectively in the early summer season, in the late
summer season and in autumn, meaning that seasonal variations are not appreciable in the detected temporal
frame.
For what concern the dimensions of the collected waste in the three different stetches of the Padova channel
network, it has been observed that the prevailing fraction is the coarse one, composed of material with
relatively large dimensions (on average, 59% of the material was intercepted by the 100 mm side mesh),
while fine fraction is basically non-existent (less than 3% of the material passes through the 5 mm side mesh),
probably because this latter is difficult to intercept by a manual collection system and more easily transported
by the current. However, some variations according to the investigated canal stretch are detectable.
With reference to the composition of the collected waste, the trade analysis has highlighted some differences
according to the canal stretch where the collection took place (Figure 2):
- In Tronco Maestro canal (A), most of the collected waste belongs to the fraction others, with an average
value by weight of 37%, followed by glass/inerts and plastics with an average value by weight respectively of
28% and 20%;
- In Scaricatore canal (B), plastic accounts for an average value by weight of 45% of the total collected waste,
followed by glass/inerts and others (average values by weight respectively equal to 26% and 18%);
- In Roncajette canal (C), plastic accounts for an average value by weight of 67% of the total collected waste,
followed by glass/inerts (average value by weight equal to 23%). Here, plastic category shows a much higher
percentage compared to the other analysed canal stretches. This is probably because this point is an
accumulation point for waste, due to the presence of an hydraulic work and therefore the heavy wastes – such
as metals and glass – have the time to sink, unlike plastics that continue to float.
Average per canal stretch for
the three collection campaigns

Tronco
Maestro
canal – (A)

20%

37%

9%
6%

28%

17%

18%

Scaricatore
canal – (B)

45%

7%
3%

3%

3%

LEGEND

23%
7%

47%
26%

26%
8%

Roncajette
canal – (C)

Total average per
collection campaign
and canal stretch

67%

Plastics
Cellulosic material
Metals
Glass/Inerts
Others

Figure 2. Graphic representation of the trade analysis results in the three canal stretches analyzed (Tronco Maestro – A,
Scaricatore – B, and Roncajette – C) averaged on the three different collection campaigns (early summer, late summer and
autumn). The results are also given as the total average per collection campaign and canal stretch.
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In general, plastic is the most abundant waste fraction found during the collection campaigns (with an average
value by weight of 47%), as expected: in fact, plastic material is generally found in “disposable” products that
get dropped, such as bottles, bag and food wrappers. These results are coherent with the ones obtained by
Coventry University and Canal and River Trust: through a study led in 2019 regarding waste littering in
canals and rivers in the UK, they stated that the single largest category of litter found along the canals is
plastic, with 14 million items over a total of 24 million items being dropped into waterways (59%) [1].
Among plastics, PET is the most copious fraction (mainly composed of bottles), followed by PS an PP, PVC
and others and PE (40%, 23%, 23% and 14%, respectively).
After the characterization analysis has been done, the waste has been disposed of accordingly to the separate
collection scheme of the city of Padova, diverting it from the unsorted waste management options.
Moreover, the waste accumulation rates have been calculated for the three canal stretches considered in this
study. They resulted to be equal to 0.25 kg/days for Tronco Maestro canal stretch (A), 0.64 kg/days for
Scaricatore canal stretch (B) and 0.34 kg/days for Roncajette canal stretch (C).
Starting from this and from the length of the channel network of the city of Padova, calculated though the
software QGIS, the total amount of litter found in one year in the waterways of the city has been estimated,
and it is equal to 488 kg of waste. This estimation has been made only for Tronco Maestro canal stretch (A),
because it is the only canal stretch considered to be representative of the waste pollution into water. Waste
litter on the canal banks and in the accumulation points of the channel network has not been taken into
account. This means that the results are an underestimate of the true scale of the litter problem, also
considering that the accumulation rates in Scaricatore canal (B) and in Roncajette canal (C) are much higher
than the one in Tronco Maestro canal (A). Moreover, the underestimation of the litter accumulation is also
supported by the fact that the first collection campaign has been undertaken immediately after the abolition of
the Covid-19 restrictions, meaning that the amount of waste collected in the first litter pick is surely lower
compared to a zero-restrictions situation.
A more detailed estimation, inclusive of the banks litter, is necessary in order to have a more reliable value of
the waste litter produced by the channel network of the city of Padova annually. This information is important
for decision makers in order to evaluate whether it is possible to implement waste management options that
differ from landfilling and waste-to-energy, in view of urban mining.

4. CONCLUSIONS
Land-based sources are considered to be the predominant sources for the presence of plastic material in the
environment, which is transported towards the sea by waterways. Acting at a local level for collecting wastes
before they reach seas and oceans could reduce the waterways pollution and the world’s ocean health. This
study has been focused on the waste litter of the waterways of the city of Padova, during 2021. No seasonal
variations have been observed, both in terms of dimensions and composition. The litter is mainly composed
by coarse material (59% of the material is intercepted by a 100 mm side mesh sieve). The most abundant
category is plastic (47% by weight of the total collected waste). The other recyclable fractions (glass/inerts
and metals) account for 26% and 7% by weight, respectively: the recyclable part of the waste litter is equal to
80%, almost 400 kg per year considering the channel network of the city of Padova. This is an underestimate
because the waste present on the banks and in the accumulation points of the network has not been taken into
account. This fraction should be diverted from the waste management options typical of the unsorted waste
(landfilling and incineration). However, more reliable estimates are needed.
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Abstract
Consumption habits in societies are changing with the developing technology and expectations of welfare
level in recent years. These technological developments and comfortable life expectations increase the
product and quantity of produced. This directly affects the consumption rate of natural resources. In
addition, wastes generated as a result of consumption pose a problem in terms of environmental health
and natural resources. From this perspective, recycling is inevitable both to reduce the use of natural
resources for the production of new products and to minimize the environmental effects of wastes
resulting from consumption. Proper management of municipal solid waste is one of the indispensable
conditions of sustainable urban development. It is important to determine the waste composition for the
preparation of waste management plans and the technical and financial analysis of the necessary
investments. The aim of the study is to determine the right investment model which is suitable for the
Angolan market and legislation for sustainable waste management. As a result of the study, organic waste
has the highest rate with 30.29%. It is seen that there is about 25% packaging waste in the study
conducted. In packaging waste, plastic bags have the highest percentages with an average of 10.06% and
paper-cardboard wastes with an average of 6.73%, the highest percentages among packaging wastes.
Keywords: Luanda, municipal solid waste, waste characterization

1. INTRODUCTION
Angola is the seventh largest country in Southern Africa. Luanda is the capital and the populous city of
Angola. It is divided into 6 urban districts: Ingombota, Samba, Maianga, Sambizanga, Rangel, Bairro Populer
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Kelambakiaxi. It is important to establish a sustainable waste management system in this city where the
amount of waste is high.
Waste composition must be determined by performing waste characterization studies to establish a waste
management system. Region-specific recovery and disposal facilities have been planned according to the
waste composition. The amount and characteristics of solid waste varies from country to country, from region
to region in the same country, and even from district to district in the same city. Although this difference
depends on the socio-economic structure of the society. It mostly depends on the income level and
consumption habits.
This study introduces the results of the 2021 municipal solid waste (MSW) characterization studies of Luanda
city. The characterization results have been analyzed. Thus, the basic work for the planning of MSW
management facilities was established.

2. MATERIALS AND METHODS
Four samples were taken from each district, from low-middle-high income groups and the commercial region.
A total of 24 samples were taken from 6 districts and a characterization study was carried out.
Prior to the study, the areas for collecting the samples were identified by the private company which is the
service provider for MSW management in Luanda. The company has decided the neighborhoods where the
samples will be taken in a way that best represent their income level. The characterization study was carried
out by taking all the waste from the MSW containers and transported without compaction by the company's
waste collection vehicles.
The MSW samples that are collected for the waste characterization study are collected within the specified
work schedule and transported to the Mulenvos Landfill Site. Collection and transportation of the samples
was provided by the company in coordination with the expert team of this study.
The information about the area and the amount of waste collected for each vehicle was recorded accordingly.
Waste loaded vehicles were weighed on a weighbridge before sending to the sample site where the
characterization study is performed.
The methodology named “European Commission-Methodology for the Analysis of Solid Waste (SWATool)” and the standard named "ASTM D5231 Standard Test Method for Determination of the Composition
of Unprocessed Municipal Solid Waste" were the basis for the characterization study.
All the waste in the vehicles were emptied for sampling and mixed with the scoop. A sample specimen of 0.5
m3, resistant to infiltration and flow, and recommended in the ASTM standard was used for the
characterization sample as it complies with the criteria for working in 91-136 kg specimens. During sampling
the specimen was filled with waste without any compression so that there is no space left.
Before the characterization study, a training for the workers designated to perform the separation process
about the study and OHS (Occupational Health & Safety) was conducted. It was explained in detail which
group of substances would be divided into which waste category. Furthermore, buckets were labelled
according to the waste compositions. Separate buckets were provided for each materials group and the
separated material was placed into those buckets. In the separation process, the waste was classified in 14
categories within the reference of SWA-Tool (Table 1).
Table 1 Waste components
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Waste Component
Paper-cardboard
Glass
PET
Plastic bags
Plastics
Metals
Biodegradable waste
E-waste
Hazardous waste
Composite
Textile
Diaper
Other combustibles
Other non-combustibles

Content
All kinds of paper, corrugated cardboard
All kinds of colored-colorless bottles, jars
Water and beverage bottles
All kinds of grocery bags
All kinds of plastic waste except PET
All kinds of metal materials
Food waste, vegetable, fruit, garden waste
Computer, phone, radio etc.
Batteries, medicine boxes
Juice boxes, milk boxes
All kinds of textile materials
All kinds of diapers
Shoes, carpet, bags, foam, food packaging, wood
Ash, stone, rubble, ceramics, dust

In order for the separation process to be more effective, materials other than biodegradable were first
separated from the heap. The separated biodegradable waste was passed through a sieve with a diameter of 80
mm.
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3. RESULTS AND DISCUSSION

Characterization results for 24 samples taken from low-middle-high income groups and commercial regions
are given in Table 2. According to the results, it is seen that the rate of biodegradable waste has the highest
rate in all samples. After the biodegradable wastes, the packaging waste group has the highest rate of paper,
cardboard and bags. The other non-combustible has a high percentage after packaging waste.
Table 2 The average values of waste content in Luanda
Low Income

Middle Income

High Income

Commercial

Material

(%)

(%)

(%)

(%)

Paper-cardboard
Glass
Plastic bags
Plastics
PET
Metals
Biodegradable waste
E-waste
Hazardous waste
Composite
Diaper
Textile
Other combustibles
Other non-combustibles

5.51
0.75
8.87
3.88
2.55
0.87
26.56
1.14
0.61
0.35
8.56
4.30
17.83
18.24

6.78
1.82
7.98
2.53
2.69
0.80
27.95
0.68
0.26
0.43
11.97
7.11
13.69
15.30

10.86
4.56
7.59
3.19
2.01
1.82
45.93
0.05
0.31
0.82
5.34
3.23
9.14
5.14

12.89
1.29
13.45
1.93
2.13
1.06
33.73
0.35
0.23
0.22
4.85
7.12
11.18
9.56

The rate of biodegradable waste is 26.56% in the low-income group, 27.95% in the middle-income group and
45.93% in the high-income group. Angola in South Africa currently imports more than half of its food.
Considering the socio-economic conditions due to the limited agricultural production and importation, it was
observed that the low and middle-income group have a low rate of consumption of biodegradable waste. .
Since the amount of waste is directly proportional to the consumption power, it is higher in high income
groups. However, the percentage of other combustible or non-combustible waste groups is higher in lowincome regions when socio-economic factors are taken into account.

6,73%

Paper-Cardboard

1,07%

Glass
17,88%

2,95%

10,06%

2,01%
0,97%

12,52%

PET
Metals
E-Waste
Hazardous Waste
Composite

9,31%

0,37%

Plastics

Biodegradable

4,84%

0,36%

Plastic Bags

30,29%

Diaper
Textile

0,64%

Other combustible

Figure 1 The average by weight of the municipal solid waste characterization results for Luanda in 2021

The weight averages of the samples taken for the solid waste characterization study, considering the regional
populations were evaluated as low, medium and high regions according to their socio-economic status.
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Accordingly, biodegradable waste (organic, kitchen waste) has the highest percentage (30.29%) in the
characterization study. Other non-combustible, other combustible, plastic bags, diaper and paper-cardboard
are the important component with high percentages, respectively.
The packaging waste fraction (paper-cardboard, glass, plastic bags, plastics, PET, and metal waste) accounts
23.79% in the characterization study. Among them, plastic bags have the highest percentage with an average
of 10.06%.

4. CONCLUSIONS
The most appropriate technology should be used for the disposal of domestic solid waste. Knowing the
amount and quality of household waste plays a key role in determining disposal methods. Solid waste
characterization, determination of waste and its quantity and quality in the region where a solid waste
management system will be established is essential. Waste content values play an important role in
determining facility investments. The results obtained are reference values in waste management planning.
In order to monitor the solid waste structure, which varies depending on some components, tests and analyzes
must be carried out continuously at certain periods.
A characterization study was carried out to reveal the waste profile. This study was carried out to determine
the waste composition. This study has the potential to make a great contribution in waste reduction and
recycling planning. The data can be used as a determining base for the right investment model studies in
accordance with the Angolan market and legislation for sustainable waste management.
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Abstract
Waste is an inseparable point of our lives. It is an elementary byproduct of human functioning. Waste is
divided into several groups, including medical, hazardous, municipal, biodegradable, industrial and inert
waste. All waste should be handled differently. Both the producer of waste and its owner have many
obligations that are imposed on them by appropriate standards and laws in force depending on the country.
Waste should be classified and segregated. It should be strived to create a circular economy. Waste
segregation and classification have many advantages including lower environmental pollution; improved
living conditions for plants, animals, and people, as well as obtaining a better raw material for recycling
through segregation. In this study, waste classification and separation systems are investigated. The waste
separation methodology considers the origin, basic components, and physical, chemical, and biological
properties of wastes. Manual, mechanical and optical systems were used for waste classification.
Nowadays, smart waste classification and separation systems are being developed. There are many benefits
to using them. These systems are automated - they separate and classify mixed waste. It is a very modern
and efficient method that requires less work to function properly than the basic methods of classification
and segregation of waste. It is also a much faster, more professional method, and one that prevents
incorrect segregation of waste. It can be called a future-oriented way of handling waste and should be
gradually introduced into our civilization. Examples of this technology include intelligent litter bins,
vending machines for bottles, automated segregation, and sorting. Solving the waste problem is one of the
issues that should receive special attention in the future. The constant development of technology related
to this topic is a key element in the economy of our World.
Keywords: Classification, environment, separation, sorting, recycling, waste.

1. INTRODUCTION
It is natural that when performing many activities, man produces substances and superfluous objects that he
will want to get rid of. In other words, it is waste. The concept of waste is very extensive due to its diversity.
We distinguish, among others, municipal, hazardous, biodegradable, and industrial waste. Each type of waste
requires an appropriate processing system. The problem of waste and its management has been known to
mankind for a long time. In ancient times, however, this was a much less worrying problem than in modern
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times. It is inseparable from the development of mankind and the acquired ability to transform and produce
goods from the available raw materials. In the past, man produced waste that could be completely absorbed by
the environment. The amount of waste produced was increasing year by year, but the fastest pace fell in
the 16th century, when the industrial revolution began. People started producing new materials from which
more and more diverse waste began to be produced. It was during this period (due to the excess of waste) that
open landfills began to appear. Over the years, the trend of people migrating to cities has developed more and
more, which has also exacerbated this problem [1]. Nowadays, we observe a constant upward trend in waste
overproduction, the effective storage and management of which is becoming a more and more frequent
problem. For this reason, the concept of effective waste management has begun to be developed. One of its first
stages is their correct classification, followed by segregation, and then various disposal processes [2]. Observing
the efforts put forth by individual countries in the activities carried out within the framework of waste
management, one gets the impression that the functioning of these processes is not uniformly correct. The key
issue is to interfere with education about the classification and proper sorting of waste, as well as further
processes [3].

2. TRADITIONAL WASTE CLASSIFICATION AND SEPARATION
Waste classification and segregation is one of the most important issues in waste management. It is also a
fundamental ingredient of sustainability. Both activities are an inseparable mutual element. The classification
allows for the correct categorization of waste and, consequently, for appropriate waste segregation and its
recovery or disposal.

2.1. Waste Classification
Waste classification is a particularly important element of waste management. This system facilitates further
processes related to waste disposal. Because of reliable classification, we are able to list waste with similar or
the same properties. As a result, the disposal and recovery potential of the waste is very favourable. For this
reason, the choice of criteria that classifies the waste is extremely important. The basic classification of wastes
is based, among others, on their source of origin, physical and chemical properties, toxicity, physical state, the
degree of their hazard to the environment and people, the degree of their suitability, and the degree of their
processing [4]. Different properties should be taken into consideration in each waste classification criterion.
For example, when classifying waste on the basis of toxicity, special attention should be paid to the content of
the most dangerous component, which determines the level of harmfulness, the carcinogenicity of waste, the
degree of risk and pollution to water, soil, and atmosphere, or flammability [5]. The rules for the classification
of waste are specified in the relevant legal acts in force in unions of countries, e.g. in the European Union, or
only in a given country. Legal acts issued individually by a country may differ depending on the country.
In Poland, the classification of waste is carried out in accordance with the applicable waste catalogue. Waste is
divided into groups, subgroups, and types, and it is also specified which waste is hazardous. For this reason,
each waste has its own six-digit code, in which the first two digits indicate its group -the source of waste, the
next two subgroups -the component or process from which the waste is generated, and the last two - type - the
chemical composition of the waste. Hazardous waste is additionally marked with an asterisk "*". There are
twenty waste groups and many subgroups and types. For example, the leaves have the code 200201 because
they can be included in the group of municipal waste together with selectively collected fractions-20, the
subgroup of garden and park waste-02, and the type of biodegradable waste-01 [6]. Another example can be
found in Australia, where the classification of waste is slightly different. In Australia, the national waste
classification system is based on two foundations: waste streams and waste depots. The most frequently
mentioned source sectors in this country are municipal solid waste (MSW), commercial and industrial (C&I)
waste and construction and demolition (C&D) waste. However, detailed rules for the classification of rubbish
are set by the governments of each of Australia's jurisdictions; in some jurisdictions, waste from various
materials is classified more or less strictly. For example, "fly ash" waste in Victoria, Queensland, and Western
Australia is considered hazardous waste, while in South Australia it is not [7,8].
In Turkey, waste management is among the main problems to be solved by the Ministry of Environment,
Urbanization, and Climate Change. In this context, the Ministry of Environment, Urbanization, and Climate
Change published the “Waste Management 2023 National Action Plan” in 2016, which evaluates the current
waste management in the country, analyzes the waste management mechanism, and sets the country's waste
management targets in the short term. Waste management has become an area that is constantly developing and
turning into a raw material market for Turkey. According to the “Municipal Waste Management in Turkey”
report published by the Ministry of Environment, Urbanization and Climate Change in 2016, landfills and
recycling facilities increased from 15 to 82 and from 46 to 1226, respectively, in comparison to 2003 and 2016
[9].
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Domestic wastes, construction wastes, and industrial wastes come to the fore within the scope of waste in
Turkey. Hazardous wastes are incinerated in various facilities. For example, IZAYDAS, Petkim, Tüpraş,
Erdemir, and cement factories with the necessary permits and licenses meet their energy requirements in this
way. In Turkey, waste is separated according to its codes, as in many countries. Just like in Poland, there are
twenty waste groups and sub-types of waste. The waste transportation form, formerly known as the National
Waste Transport Form and completed online through the Integrated Environmental Information System, can
dispose of its waste with the condition that the Ministry be notified of the waste codes of the carrier and the
disposer. For example, the code for paper and cardboard packaging is 15 01 01 [10].

2.2. Waste Separation
Waste segregation is another basic and important element in the waste management system. Segregation is the
activity of placing specific types of waste in appropriate containers. Waste is separated with regard to the
material from which it was created-after prior correct classification. The waste segregation process most often
takes place in the places where waste is generated, that is, in households or production companies [11]. The
form of waste segregation at the source of its generation is also known as "selective waste collection" and forms
the first element of a well-organized waste management system. Selective waste collection consists of
collecting it individually from each property. For example, selective collection of municipal waste (Figure 1)
mainly involves the collection of recyclable materials, such as metal, glass, plastic, or paper. This method of
collecting waste has many advantages. These include, first of all, a smaller amount of waste sent to landfills; a
collection of waste distinguished by the subsequent technology of their treatment; or the possibility of obtaining
clean secondary raw materials. It is also worth noting that the re-processing of secondary raw materials is much
more beneficial (than production using primary raw materials)- it has a positive effect on the environment by
reducing pollution and lowering energy expenditure. Various types of (dedicated) containers, litter bins, and
bags are used for selective collection of waste at the source. Another way of sorting waste is secondary sorting,
which takes place in disposal plants. Both of these methods of waste segregation are used in Poland [12, 13].

Figure 1. Selective collection of municipal waste [14]

The segregation technology prepares waste for reuse and contributes to the possibility of recovering individual
raw materials with the indicated degree of purity, which is why it is an extremely important process. Many
countries around the world pay special attention to this element of waste management. In this case, it is worth
looking at the inhabitants of Germany. Germany is a country that is an innovator in waste segregation in Europe
due to its high consumption and high standard of living. When waste became a big problem there, interventions
began. The principle of the three Rs of reduction, processing, and reuse has started. The focus was primarily
on the segregation of communal rubbish and its proper management. Initial sorting of household waste has
become the most important. Special containers for waste batteries or electronic equipment were also
implemented and placed in easily accessible places (e.g., supermarkets). The problem of bottles has also been
solved - appropriate vending machines for accepting bottles have been designed and spoiled (Figure 2).
Because of this, the user has the option of returning the (previously paid) deposit in the coupon. The coupon
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can be used for shopping, donated to charity or exchanged for money. Also, each raw material intended for
recycling is marked with an appropriate label to make the appropriate classification easier. This is an important
point, because, for example, if it was necessary to distinguish packaging made of polypropylene, polyethene,
polystyrene, or polyvinyl chloride, there was a problem - they are quite similar. The focus was also on the
educational issue, and from an early age, efforts were made to inculcate the idea of proper segregation of
rubbish. Each of these steps helped to reduce the massive amount of garbage. The basis for solving this problem
was the improvement of waste segregation systems [15].
Waste segregation systems have not yet been fully established in Turkey. Many local governments still collect
mixed waste. However, with the Zero Waste approach, improvements are made to the separate collection of
waste, especially in public institutions and organizations, supermarkets, and various social facilities. The
training was given in all public institutions and organizations, and recycling bins were placed. Currently, waste
collection centers operating in many universities continue to be established. Recycling facilities and/or
companies obtain raw materials from waste by making various agreements with local governments. Waste
separation boxes, waste oil collection boxes, waste accumulators, and battery stations have been integrated into
certain points of the city so that they can be used as raw materials. In the system developed by Kepez
Municipality in Antalya, the waste oil collection vehicle collects waste oil from designated places on certain
days and hours. Again, various technology companies (e.g., Turkcell) organize campaigns for the separate
collection and recycling of electronic waste. Various foundations (e.g., TEGV-Turkcell Partnership) stated that
they accept electronic waste in terms of separate collection and evaluation of electronic waste and contribute
to the circular economy and that the income to be obtained will be given to students as scholarships [16]. With
the cooperation of environmental and software companies, reimbursement systems are becoming widespread
in return for loading coupons or cards from the waste bottles mentioned above. It has been determined that
training is essential for the successful implementation of the systems. For this reason, new courses related to
the environment were added to the curriculum. Short films, public service announcements, and various
advertisements were made about the separate collection of waste, especially Zero Waste [17].

Figure 2. Vending machines for accepting bottles [18]

3. SMART WASTE CLASSIFICATION AND SEPARATION SYSTEM
The most popular method of waste processing is the manual method, in which it is necessary to hire a physical
worker. A person who segregates and sorts waste is susceptible to many diseases because of the harmful
substances in the garbage. Additionally, employees are exposed to many accidents that may have a tragic effect
on their health. Smart waste classification and separation systems are automation systems that perform the
classification and separation of mixed wastes and, unlike previous methods, have higher efficiency and use
fewer labour hours while performing these operations.
These systems are more advantageous than existing methods and systems due to the following features:
•

To perform classification and separation processes faster and more professionally,

•

Being healthier in terms of human health,
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Elimination of occupational health and safety problems arising from waste separation processes,

•

High discrimination performance,

•

Recovering the time lost in mixed waste separation,

•

Preventing mistakes in waste separation,

•

Lower cost and less environmental risk.

A smart classification and separation system can be used to automatically classify waste, reduce human
intervention, and prevent infection and contamination. It has a lower risk of error than the traditional waste
classication and separation system. It is a much faster system that works by limiting human functioning or
completely eliminating it.

4. CONCLUSION
The concept of waste is very broad due to its diversity. We distinguish, among others, municipal, biodegradable,
and industrial waste. The problem of waste and its management has been known to mankind for a long time.
Currently, however, this problem has significantly worsened due to the constant upward trend in the
overproduction of waste, the efficient storage and management of which is becoming a more and more frequent
problem. For this reason, the concept of effective waste management has begun to be developed. Waste should
be classified and segregated. A circular economy should be pursued. Separating and classifying waste has many
advantages, including less environmental pollution, improving the living conditions of plants, animals, and
people, as well as obtaining better raw materials for recycling through segregation. The waste segregation
methodology takes into account the origin, basic components and physical, chemical, and biological properties
of the waste. Manual, mechanical, and optical systems are used to classify the waste. Smart waste classification
and segregation systems are currently under development. These systems are automated; they separate and
classify mixed waste. They are very modern and efficient methods that require less work to function properly
than the traditional waste classification and segregation methods. They are also much faster, a more
professional methods that prevent incorrect segregation of waste. This can be called a forward-looking way of
dealing with waste and should be gradually introduced into our civilization.
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Abstract
In recent years, biomineralization, microbial-induced calcium carbonate precipitation (MICP), appeared
as an environmentally friendly process for minimizing waste generation, valorizing waste materials, and
recovering resources such as development of microbial self-healing concrete, improvement of
construction and demolition wastes, and metals recovery from waste electrical and electronic equipment
(WEEE). Most of the MICP studies were conducted by using only pure (axenic) cultures, and
biomineralization performances were only achieved through a single metabolism. However, MICP yield
can be improved if two metabolic pathways: (i) urea hydrolysis, (ii) nitrate reduction are utilized. In this
study, we focused on the production of biogranules and comparison of biogranules with two axenic
cultures (Sporosarcina pasteurii DSM 33, Pseudomonas aeruginosa) in terms of microbial activity and
biomineralization performance. As a result, the specific CaCO3 precipitation activities of dried
biogranules, dried Sporosarcina pasteurii DSM 33 and dried Pseudomonas aeruginosa were calculated
as 1.42 g CaCO3.day-1.g-1 CDW, 0.45 g CaCO3.day-1.g-1 CDW, and 0.19 g CaCO3.day-1.g-1 CDW,
respectively. The specific CaCO3 precipitation activities of wet biogranules, wet S. pasteurii and wet P.
aeruginosa were calculated as 1.5 g CaCO3.day-1.g-1 CDW, 0.29 g CaCO3.day-1.g-1 CDW, and 0.34 g
CaCO3.day-1.g-1 CDW, respectively. Furthermore, it was revealed that biogranules can simultaneously
perform urea hydrolysis and nitrate reduction which is promising to enhance the MICP yield and surpass
the performances of axenic cultures with single metabolic pathway. Overall, these biogranules with
enhanced MICP performance can be used to improve recycled aggregates, to develop microbial selfhealing concrete or to recover precious metals from the WEEE.
Keywords: granular sludge, MICP, self-healing, sludge management, ureolytic bacteria, waste
valorization

1. INTRODUCTION
The synthesis of minerals such as carbonates, sulfates, and phosphates by microorganisms is called
biomineralization and microbially induced calcium carbonate precipitation (MICP) is a prevalent kind of
biomineralization. Lately, microbially induced calcium carbonate precipitation (MICP) has been suggested as
a sustainable and environmentally friendly versatile technology for minimization and valorization of wastes,
resource recovery, waste stabilization and solidification, and decreasing environmental effects of some
1
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processes. Within this context, there are some applications such as developing self-healing bio concrete,
improvement of construction and demolition wastes, heavy metal immobilization in wastewater and soil,
metal recovery from waste electrical and electronic equipment (WEEE), dust suppression, enhanced oil
recovery, wastewater treatment, carbon dioxide sequestration, and stabilization of solid and liquid wastes [1][5].
Common reported metabolic pathways that lead to MICP are urea hydrolysis, nitrate reduction,
photosynthesis, sulfate reduction, ammonification, iron reduction, methane oxidation, and aerobic oxidation
[1], [6], [7]. Urea hydrolysis is the least complicated of these metabolic processes and urease-positive strains
demonstrated greater CaCO3 precipitation than the above-mentioned metabolisms thus urea hydrolysis was
the most investigated pathway for MICP [1]. Sporosarcina pasteurii, Bacillus sphaericus, Bacillus
megaterium SS3, and Bacillus thuringiensis have been identified with a high urea hydrolysis activity [8].
However, there are some challenges in urea hydrolysis metabolism such as ammonia production and oxygen
requirement of ureolytic strains. Although urea hydrolysis does not directly depend on the presence of oxygen
(Equation 1-6), growth of ureolytic bacteria and the production of urease enzyme could be affected by the
oxygen availability. It has been reported that most of the S. pasteurii strains cannot synthesize urease de novo
under anaerobic conditions [5]. Jain et al. [9] conducted an MICP test using ureolytic strain namely S.
pasteurii. At the end of 72 hours of incubation of the bacteria in 100 mL of biomineralization solution under
aerobic, anoxic, and anaerobic conditions, 32 ± 3 mg, 17 ± 3 mg, 7 ± 2 mg CaCO3 precipitation could be
achieved, respectively. It has been reported that the amount of precipitated minerals decreases significantly
during the transition from aerobic to anoxic condition, while it was negligible under anaerobic conditions.
CO(NH2)2 + H2O ® NH2COOH + NH3

(1)

NH2COOH + H2O ® NH3 + H2CO3

(2)

H2CO3 « HCO3 + H

(3)

2NH3 + 2H2O « 2NH4+ + 2OH-

(4)

HCO3- + H+ + 2NH4+ +2OH- « CO32- + 2NH4+ + 2H2O

(5)

CO3 + Ca « CaCO3

(6)

-

2-

+

2+

Since nitrate is used as an electron acceptor in nitrate reduction metabolism, calcium carbonate precipitation
can occur when oxygen is limited or absent (Equation 7-9). In this context, some researchers have tested
nitrate reduction metabolism in MICP applications such as soil improvement, calcium removal from
wastewater, and self-healing bioconcrete [10], [11]. By using denitrification metabolism in the soil
improvement field, van Paassen et al. [12] achieved a yield of 6 g CaCO3/ g NO3-N consumed at the end of
seven days using Castellaniella denitrificans. In another study, Ersan et al. [13] tested Pseudomonas
aeruginosa and Diaphorobacter nitroreducens for MICP and the yields were reported as 14.1 g CaCO3/ g
NO3-N consumed and 18.9 g CaCO3/ g NO3-N consumed in 48 hours, respectively.
C2H3O2- + 1.6NO3- + 2.6H+ ® 0.8N2 + 2.8 H2O + 2CO2

(7)

CO2 + H2O « HCO3- + H+

(8)

Ca + HCO3 + OH ® CaCO3 + H2O

(9)

2+

-

-

The aforementioned yields in studies using pure cultures can be enhanced if urea hydrolysis and
denitrification metabolisms are used simultaneously (Equation 1-9). Urea hydrolysis and nitrate reduction
metabolisms can be considered as complementary mechanisms in environments with a certain depth (no
oxygen restriction at the surface, but the oxygen concentration decreases as the depth increases). In such a
case, depending on the oxygen availability, either urea hydrolysis or denitrification will be the responsible
metabolism for MICP.
The production cost of axenic cultures at industrial scale is higher compared to the non-axenic cultures, as
cultivation of pure strains requires strictly controlled sterile processes and nutrient-rich growth medium [14].
As an alternative to axenic cultures, biogranules formed by the granulation of non-axenic microbial cultures
revealed a potential for cost-efficient MICP applications [15]-[17]. However, relevant studies tested
biogranules only for MICP in cementitious composites, and in these studies, MICP was achieved through
either microbial nitrate reduction or microbial sulfate reduction or its combination. Therefore, the
biomineralization performance of biogranules that can simultaneously conduct microbial urea hydrolysis and
nitrate reduction still remains unknown. In this study, we compared a non-axenic granular culture that can
perform simultaneous urea hydrolysis and nitrate reduction with axenic cultures (Sporosarcina Pasteurii and
Pseudomonas aeruginosa) in terms of nitrate reduction activity, urea hydrolysis activity and CaCO3
precipitation capability.
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2. MATERIALS AND METHODS

2.1. Cultivation of Non-Axenic Granular Culture
Granular culture produced by Şekercioğlu [18] was used as inoculum for cultivation of the biogranules used
in this study. A sequencing batch reactor which has 75 cm effective height and 4.5 cm diameter was used for
cultivation. The hydraulic retention time of the reactor was set to 12 hours. In the reactor operation four batch
cycles were used in a day and each cycle had three major periods fill/draw period under anoxic conditions
(two hours), anoxic period (one hour), and aerobic period (three hours). The nutrient flow was set to 5
mL.min-1 in the fill/draw period.
An alkaline mineral nutrient medium with a pH range of 9.8-10.0 was used for cultivation. Nutrient solution
was containing 1 g.L-1 CH₄N₂O, 1.1 g.L-1 NaNO3, 2.2 g.L-1 NaHCOO, 0.09 g.L-1 MgSO4.7H2O, 0.01

g.L-1 KH2PO4, 0.05 g.L-1 yeast extract, 0.63 g.L-1 CH3OH and 0.5 g.L-1 NaCl. In order to use in
further tests, biogranules were harvested from the bioreactor and dried in an electrical oven at
60°C for 48 hours.
2.2. Cultivation of Axenic Ureolytic Culture (Sporosarcina pasteurii DSM 33)

S. pasteurii was used as a reference ureolytic axenic culture whilst assessing the microbial urea hydrolysis
and MICP performance of biogranules. A S. pasteurii colony was taken from the solid medium and
transferred to 10 ml broth containing 10 g.L-1 yeast extract and 20 g.L-1 urea and incubated at 30°C for 72
hours. Upon incubation for 72 hours, the broth containing S. pasteurii was transferred to 100 ml of fresh broth
and again incubated for another 72 hours. At the end of the incubation a sample was taken for TAN
measurement to confirm the microbial urea hydrolysis.

2.3. Cultivation of Nitrate Reducing Axenic Culture (Pseudomonas aeruginosa)
P. aeruginosa was used as a reference nitrate reducing axenic culture whilst assessing the microbial nitrate
reduction and MICP performance of biogranules. A P. aeruginosa colony grown on solid medium was
transferred to 10 ml liquid medium containing 0.685 g.L-1 NaNO3, 2.2 g.L-1 NaHCOO, 0.5 g.L-1 yeast extract.
P. aeruginosa was incubated at 30°C for 72 hours and at the end of the incubation, NO3-N measurement was
conducted to confirm microbial nitrate reduction.

2.4. Determination of Microbial Activity of the Bacterial Cultures
2.4.1. Preparation of the Bacterial Cultures
In this study, three bacterial cultures S. pasteurii (ureolytic axenic culture), P. aeruginosa (nitrate reducing
axenic culture) and biogranules (ureolytic and nitrate reducing non-axenic culture) were tested in order to
determine their microbial activity both in wet and dry form. The tests in dry forms were conducted to check
whether the cultures can resuscitate and show microbial activity, because, in biomineralization applications,
using dried cultures are reported to be more advantageous than using microbial solutions, due to their long
shelf life, stability, maintenance of structural integrity, ease of application and resilience to harsh
environmental conditions [14], [15], [19], [20]. For the tests in batch reactors, S. pasteurii (ureolytic axenic
culture) was incubated at 30°C for 30 hours in a liquid medium containing 10 g.L-1 yeast extract and 10 g.L-1
urea. Then, the grown culture was centrifuged at 3045 g for 5 minutes and collected as pellets to be used in
the tests. Similarly, P. aeruginosa was incubated at 30°C for 48 hours in a broth containing with 1.1 g.L-1
NaNO3, 2.2 g.L-1 NaHCOO and 5 g.L-1 yeast extract. Then, the grown culture was centrifuged at 3045 g for
5 minutes and collected as pellets to be used in the tests. These two axenic cultures were dried at 40°C for 24
h in order to test their dry forms. Biogranules were taken from the bioreactor at the aeration period under
completely mixed conditions. After centrifugation at 3045 g for 5 minutes samples were washed with tap
water. In order to obtain the dry form, harvested biogranules were dried at 60°C for 48 h. The procedures
were repeated until obtaining enough bacteria to start the batch tests with identical initial cell dry weights.

2.4.2. Test Set Up for Determination of Microbial Activity
In all batches used in the test, 100 mL serum bottles and rubber stoppers were used. The initial bacteria
concentration was set to 0.5 g.L-1 CDW for each batch reactor. Following nutrient solution was used in the
test: 10 g.L-1 CH4N2O, 0.685 g.L-1 NaNO3, 2.5 g.L-1 NaHCOO, 0.09 g.L-1 MgSO4.7H2O, 0.01 g.L-1 KH2PO4,
0.05 g.L-1 yeast extract , 0.386 g.L-1 CH3OH. Each batch was prepared in duplicates. Test bottles, rubber
stoppers and nutrient solution were sterilized by autoclaving at 1 bar and 121°C for 20 min. The test period
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was 48 hours (24 hours anoxic and 24 hours open condition). Throughout the experiment, batch reactors were
kept at room temperature and sampling was done at six hours intervals. Samples were taken regularly for
TAN and NO3-N analyses.

2.5. Determination of MICP Performances of the Bacterial Cultures
Bacterial cultures were prepared as described in section 2.4.1. In all experiments, 100 mL serum bottles with
rubber stoppers were used. As in the microbial activity test, the initial CDW content was adjusted to 0.5 g.L-1
for each batch. Nutrient solution was composed of 10.00 g.L-1 CH₄N₂O, 2.11 g.L-1 Ca(NO3)2.4H2O, 7.30 g.L-1
Ca(HCOO)2, 0.05 g.L-1 yeast extract, and 0.11 g.L-1 CH3OH. The initial COD, Ca2+ and NO3-N concentrations
were 1.94 g.L-1 , 2.60 g.L-1 and 0.25 g.L-1 respectively. Each batch was prepared in duplicates. Test bottles,
rubber stoppers and nutrient solution were sterilized by autoclaving at 1 bar and 121°C for 20 min. The test
was run for nine days (six days anoxic and three days open-air condition). Batch reactors were kept at room
temperature during the experiment and sampling was done daily.

2.6. Analytical Methods
NO3-N concentrations were measured by using test kits (HACH LCK 340). Each mole of urea turns into two
moles of ammonium in microbial urea hydrolysis (Equation 1-4). Therefore, urea hydrolysis was determined
based on the total ammonium nitrogen (TAN) concentrations in the samples. TAN was measured based on
the standard methods coded 4500-NH3 Step-B, C [21]. In biogranulation period, TSS and VSS amounts were
determined based on the standard methods 2540 D, E [21]. SVI30 was determined according to the standard
method 2710 D and SVI5 value was calculated based on the same method but the duration of the experiment
was set to five minutes [22]. Microscopic images of the mixed liquor samples taken from the bioreactor was
analyzed by using ImageJ software and granule size distribution was determined.
In biomineralization experiments, dissolved calcium concentrations were measured via Atomic Absorption
Spectroscopy (AAnalyst 800, PerkinElmer, Turkey). The amount of precipitated CaCO3 was quantified by the
method described in previous MICP studies [23], [24]. In this method, the volume of CO2 generated due to
dissolution of the precipitates in acidic environment was quantified by using a water column (Figure 1).

Figure 1. Schematic representation of the carbonate quantification method

3. RESULTS AND DISCUSSION
3.1. Granule Properties
Before the microbial activity and biomineralization experiments, TSS and VSS values in the bioreactor were
7040 mg.L-1 and 3563 mg.L-1 respectively. VSS/TSS ratio was recorded as 51%. SVI5 and SVI30 values were
27 mL.g-1 and 21 mL.g-1. During the operation with 0.38 g NO3-N. L-1.day-1 nitrate loading and 2.09 g urea L1
.day-1 urea loading rates, nitrate reduction and urea hydrolysis efficiencies were recorded as 71% and 65%
respectively. Based on the microscopic size distribution analysis, 82% of the microbial aggregates were larger
than 200 µm. These results confirmed successful cultivation of non-axenic granular culture that can
simultaneously reduce nitrate and hydrolyze urea.

3.2. Comparison of Microbial Activities of Biogranules and Axenic Cultures
3.2.1. Urea Hydrolysis Activities
Urea hydrolysis activities of all cultures were determined at 10 g.L-1 initial urea and 0.05 g.L-1 initial yeast
extract concentration . At the end of two days, urea hydrolysis efficiency of biogranules was reported as 41%
in the wet form and 80% in the dry form (Table 1). The specific urea hydrolysis activity of wet biogranules
was determined as 125 mg urea.h-1.g-1 CDW and 121 mg urea.h-1.g-1 CDW under anoxic and open conditions
respectively. These results indicated that microbial activity of wet granules was similar under anoxic and
open-air conditions. However, the specific urea hydrolysis activity of dry biogranules was determined as 97
mg urea.h-1.g-1 CDW under anoxic conditions. This lower activity was attributed to the resuscitation period of
dry biogranules. Under the open conditions, specific urea hydrolysis activity of dry biogranules was recorded
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as 410 mg urea.h-1.g-1 CDW which was considerably higher than the wet ones. This high activity was
attributed to the difference between the internal availability of micronutrients in wet and dry biogranules.
When biogranules were dried, most of the vegetative bacteria lysed and created dead cells which might serve
as micronutrients for the bacteria that resuscitated during the test. The presence of these extra micronutrients,
therefore, boosted the microbial activity of the resuscitated bacteria. This boosting effect can be considered as
a phenomenon which is similar to high microbial activities reported in the presence of yeast extract [25].
At the end of the two days, urea hydrolysis efficiencies of dried S. pasteurii and wet S. pasteurii were
recorded as 1% and 5.5%, respectively (Table 1). The specific urea hydrolysis activity of dry S. pasteurii was
determined as 4.9 mg urea.h-1.g-1 CDW at anoxic conditions and 0.8 mg urea.h-1.g-1 CDW at open-air
conditions. The specific urea hydrolysis activity of wet S. pasteurii was determined as 20.1 mg urea.h-1.g-1
CDW at anoxic conditions and 9.1 mg urea.h-1.g-1 CDW at open-air conditions. Results indicated that when
switched from the anoxic condition to the open-air condition, the specific urea hydrolysis activity of S.
pasteurii decreased.
The urea hydrolysis performance achieved with wet S. pasteurii was quite low compared to the previously
reported values because unlike the previous studies the microbial activity test was conducted at a low yeast
extract concentration (0.05 g.L-1). In previous studies, S. pasteurii has been typically tested at high yeast
extract (10 g.L-1 or higher) and high urea concentrations (20 g.L-1) [26]-[29] and about 90% of the urea could
be hydrolyzed in 24 hours. In this study, similar yeast extract concentration (10 g.L-1) was tested when
confirming the ureolytic activity of S.pasteurii, and at this high yeast extract concentration, 90% of the urea
could be hydrolyzed by S.pasteurii. These results were consistent with the previous findings. Therefore, the
relatively low ureolytic activity achieved in microbial activity tests was attributed to the limited yeast extract
concentration (0.05 g.L-1) used in that experiment.
Table 1. Urea hydrolysis values at the end of two days in microbial activity test
Feed Urea, g.L-1

Wet biogranules (A)
Dry biogranules (B)
Dry S. pasteurii
Wet S. pasteurii

10

TAN, mg.L-1
1890
3710
46
252

Urea Hydrolysis, %
41
80
1
6

3.2.2. Nitrate Reduction Activities
Nitrate reduction activities of all cultures were determined at113 mg.L-1 initial NO3-N concentration. At the
end of the two days, nitrate reduction efficiencies of wet and dry biogranules were reported as 78% and 9%,
respectively (Table 2). As can be seen in Table 2, nitrate reduction efficiency of dry biogranules was lower
than the wet biogranules. Considering the resuscitation time of the bacteria in the dried biogranules, it was
decided to extend the test duration up to seven days, since two days of experimental period was not sufficient
to observe any nitrate reduction activity for this culture. At the end of the seventh day, 92% of the nitrate was
reduced by the bacteria and it was confirmed that the nitrate reducing bacteria in the granules required more
than two days to resuscitate. Dried S. pasteurii could reduce 27% of the initial nitrate at the end of the two
days and 98% of the nitrate at the end of the seven days. The wet S. pasteurii could reduce 32% of the initial
nitrate at the end of the two days (Table 22). These results showed that unlike the other ureolytic pure
cultures some S. pasteurii strains can also reduce nitrate. The specific nitrate-reduction activity of dry S.
pasteurii was determined as 1.1 mg NO3-N.h-1.g-1 CDW at anoxic conditions and 2.1 mg NO3-N.h-1.g-1 CDW
at open-air conditions. The specific nitrate-reduction activity of wet S. pasteurii was determined as 2.8 mg
NO3-N.h-1.g-1 CDW at anoxic conditions and 2.4 mg NO3-N.h-1.g-1 CDW at open-air conditions. Dry and wet
P. aeruginosa could reduce 8% and 47% of the initial nitrate at the end of the two days. Dry P. aeruginosa
could reduce 36% of the initial nitrate at the end of the seven days. In the first two days, the specific nitrate
reduction activities of dry and wet P. aeruginosa were determined as 1.0 mg NO3-N.h-1.g-1 CDW and 3.1 mg
NO3-N.h-1.g-1 CDW, respectively. Wet P. aeruginosa appeared to have higher specific nitrate reduction
activity than its dry form. This was attributed to the susceptibility of the strain to the drying process, as this
strain is gram-negative and some of the cell properties might be negatively affected by the drying process.
Table 2. Nitrate reduction at the end of two days in microbial activity test

Wet biogranules (A)
Dry biogranules (B)
Dry S. pasteurii
Wet S. pasteurii
Dry P. aeruginosa
Wet P. aeruginosa

Feed NO3-N, mg.L-1

NO3-N, mg.L-1

Nitrate Reduction, %

113

25
103
82
77
104
59

78
9
27
32
8
47
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3.3. Comparison of MICP Performances of Axenic Cultures and Biogranules
3.3.1. Microbial Activities in Biomineralization
Biomineralization solution contained 10 g.L-1 urea, 0.05 g.L-1 yeast extract and 0.25 g.L-1 NO3-N. Urea
hydrolysis performances of the dry and wet biogranules were recorded as 65% and 83%, respectively. Dry
and wet S. pasteurii could hydrolyze 4% and 20% of the initial urea, respectively (Table 3). The urea
hydrolysis activity of the dry S. pasteurii was lower than the wet form during the biomineralization test. This
result might be attributed to the limited oxygen availability that was required both for germination of spores
and for production of urease enzyme.
Table 3. Urea hydrolysis at the end of the biomineralization test
Wet biogranules (A)
Dry biogranules (B)
Dry S. pasteurii
Wet S. pasteurii

Feed Urea, g.L-1
10

TAN, mg.L-1
3878
3038
196
931

Urea Hydrolysis, %
83
65
4
20

At the end of the experiment, dry biogranules could reduce 74% of the total NO3-N and wet biogranules
reduced 98% of the initial NO3-N in the biomineralization solution. Dry and wet S. pasteurii could reduce
85% and 69% of the initial NO3-N, respectively. Dry and wet P. aeruginosa could reduce 64% and 95% of
the initial NO3-N, respectively (Table 4). Especially the nitrate reduction results obtained with both wet and
dry S. pasteurii were confirming the oxygen limitation in the system which resulted in poor urea hydrolysis
performances although the nitrate reduction activities were high. These findings indicate that S. pasteurii can
use nitrate as an alternative electron acceptor in the absence of oxygen, yet it cannot produce urease enzyme.
On the other hand, biogranules can simultaneously reduce nitrate and hydrolyze urea.
Table 4. Nitrate reduction at the end of the biomineralization test
Feed NO3-N, mg.L-1
Wet biogranules (A)
Dry biogranules (B)
Dry S. pasteurii
Wet S. pasteurii
Dry P. aeruginosa
Wet P. aeruginosa

250

NO3-N, mg.L-1
4
64
38
76
91
14

Nitrate Reduction, %
98
74
85
69
64
95

3.3.2. MICP Performances of Bacterial Cultures
Initial dissolved calcium concentration in biomineralization medium was 2600 mg.L-1. At the end of the six
days of incubation, in batch reactors inoculated with dry S. pasteurii and dry P. aeruginosa, the dissolved
calcium concentration was measured as 1785 mg.L-1, and 2445 mg.L-1 , respectively. At the end of the nine
days, these values were measured similar as 1785 mg. L-1 and 2350 mg.L-1, respectively. At the end of six
days of operation, in batch reactors inoculated with wet S. pasteurii and wet P. aeruginosa, the dissolved
calcium concentration was measured as 2130 mg.L-1, and 1975 mg.L-1 , respectively. At the end of the nine
days, these values remained the same. At the end of the six days of incubation, in batch reactors containing
either wet or dry biogranules all the dissolved calcium were depleted. Comparison of the MICP performances
of biogranules with the MICP performances of pure cultures (S. pasteurii and P. aeruginosa) revealed that
both in wet and dry forms, biogranules performed better than the two axenic cultures by precipitating all the
dissolved calcium.
At the end of the biomineralization experiment, the specific calcium carbonate precipitation activity of dry
and wet biogranules were recorded as 1418±212 mg CaCO3.day-1.g-1 CDW and 1543±10 mg CaCO3.day-1.g-1
CDW, respectively.
At the end of the nine days, the specific calcium carbonate precipitation activities of dry and wet S. pasteurii
were determined as 445±30 mg CaCO3.day-1.g-1 CDW, and 289 mg CaCO3.day-1.g-1 CDW, respectively. S.
pasteurii (dry form) showed higher specific calcium carbonate precipitation activity. At the end of the nine
days, the specific calcium carbonate precipitation activities of dry and wet P. aeruginosa were determined as
187±50 mg CaCO3.day-1.g-1 CDW, and 335±16 mg CaCO3.day-1.g-1 CDW, respectively. According to nitrate
reduction measurements performed in the biomineralization test, P. aeruginosa (wet form) had higher nitrate
reduction activity. Consistently, P. aeruginosa appeared to have higher specific calcium carbonate
precipitation activity when it was in a wet form. The ureolytic axenic culture S. pasteurii (both wet and dry
form) and the nitrate reducing axenic culture P. aeruginosa (both wet and dry form) were considered to have
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lower MICP performance in terms of specific calcium carbonate precipitation activity when compared to the
non-axenic biogranules produced in this study (Figure 2).

Figure 2. Total Precipitated CaCO3 Minerals in Batches a) in dry form b) in wet form

4. CONCLUSION
In microbial activity tests, at the end of the 48 hours, the biogranules in wet and dry form showed the highest
nitrate reduction urea hydrolysis efficiency. At the end of the 48 hours of operation, urea hydrolysis
efficiencies of biogranules in wet and dry form were 35% and 79% higher compared to axenic ureolytic
culture (S. pasteurii), respectively. This result also revealed that the biogranules could conduct high urea
hydrolysis at very low yeast extract concentration (0.05 g.L-1) and this is an important advantage of
biogranules considering the yeast extract dependence of urea hydrolysis performance of S. pasteurii. At the
end of the 48 hours of operation, nitrate reduction efficiencies of biogranules in wet and dry form were 31%
and 1% higher compared to axenic nitrate reducing culture (P. aeruginosa), respectively. Non-axenic
biogranules appeared to be more flexible in terms of their use in either wet or dry form compared to the
axenic cultures. In biomineralization tests, at the end of the nine days, urea hydrolysis efficiencies of
biogranules in wet and dry form were 63% and 61% higher compared to S. pasteurii, respectively. At the end
of the nine days, nitrate reduction efficiencies of biogranules in wet and dry form were 3% and 10% higher
compared to P. aeruginosa, respectively. In biomineralization tests, both wet and dry biogranules precipitated
the highest amount of CaCO3 (Figure 2). Specific CaCO3 precipitation activities were recorded as 1418±212
mg CaCO3.day-1.g-1 CDW , 445±30 mg CaCO3.day-1.g-1 CDW and 187±50 mg CaCO3.day-1.g-1 CDW for dry
biogranules, dry S. pasteurii and dry P. aeruginosa respectively. Specific CaCO3 precipitation activities were
recorded as 1543±10 mg CaCO3.day-1.g-1 CDW, 289 mg CaCO3.day-1.g-1 CDW and 335±16 mg CaCO3.day1 -1
.g CDW for wet biogranules, wet S. pasteurii and wet P. aeruginosa respectively. Considering MICP
performances of the cultures, the biogranules had the highest CaCO3 precipitation activity. One of the reasons
behind this situation is that the biogranules can use two metabolic pathways (urea hydrolysis and nitrate
reduction) simultaneously. The fact that the biogranules are superior to the two axenic cultures in terms of
microbial activity and MICP performance has shown the validity of the hypothesis of this study.
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Abstract
To assess the levels of heavy metals and polycyclic aromatic hydrocarbons (PAHs) in landfill of AlGhabawi area, four sampling were collected to identify the content of metals and PAHs in leachate, soil
and groundwater. Generally, the results of heavy metal show that the concentrations were on the order: Fe
> Cr > Mn > Cu > Al > Pb >Zn > Cd. The study shows that the soils were uncontaminated by Cd, Cr, Pb,
Mn, Al, Cu, and Zn in all cells, but it recorded low contaminated by Zn. while the soil was uncontaminated
by Ni in cell-3 and 4 and low contaminated in cell-1 and 2. Results of PAHs show that, the content of Low
Molecular Weight (LMW) ranged between 0.426 ng/g in active Cell number 4 and 0.609 ng/g in Old cell1, whereas the content of High Molecular Weight (HMW) ranged between 0.77 ng/g in Cell-3 and 1.5 ng/g
in Cell-1. Generally, the ratio of Ant/ (Phe + Ant), Fluo/Pyr, BaA/ (BaA+Chr) and LMW/HMW relation
perfectly show the predominance of pyrogenic versus Petrogenic sources of PAHs. The predominance of
HMW PAHs in the active cells related to differences in the age of PAHs and the rate of degradation.
Keywords: Polycyclic Aromatic Hydrocarbons (PAHs), Heavy Metals, Al-Ghabawi Landfil, Jordanl

INTRODUCTION
Landfilling is the major waste disposal method but it is a source of pollution of groundwater and soil, as it
generates contaminant-laden liquid called leachate. About 95% of municipal solid waste (MSW) is disposed of
in landfills worldwide [1]. Leachate in landfills forms as the result of a process of aerobic and anaerobic
microbial reactions in the cells of landfills, in addition to rainwater percolation through wastes. The deposit and
burning of wastes in many countries especially developing countries cause serious threats to the environment
and lead to environmental pollution. Traditionally, most municipal solid wastes (MSW) were disposed of
directly into a simple landfill in. The landfill is the most common technology used to dispose of municipal
solid residues in developing countries. However, leachate of landfill has a high level of organic matter and
inorganic ions, including heavy metals [2]. The Pollution from landfills includes heavy metals and organic
compounds pollutants such as polycyclic aromatic hydrocarbons (PAHs). The people who live in or
surrounding the landfill may be exposed to these pollutants directly by dermal contact and via ingestion of
water or air inhalation. Once in the body, these contaminants accumulate in various tissues and may reach
critical levels that give rise to acute intoxications and health problems [3]. Increasing waste production in Jordan
1
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has increased the problem of how to get rid of it without causing an undesirable impact on the environment and
human health. The incessant urbanization in Jordan coupled with uncontrolled population growth in the urban
areas and higher living standards has led to the generation of massive quantities of municipal solid waste [3].
Jordan lacks recent data that determines the volume of electronic and electrical waste generated annually which
are the main sources of pollutants in municipal landfills. With fast urbanization and continued increases in the
standard of living people, the generation of MSW has grown rapidly in Jordan, the total volume of MSW
generated in Jordan had increased from 31.3 million tons in 1980 to 203.6 million tons in 2016 ([5].The annual
waste production rate in the Kingdom is equivalent to 2.7 million tons of municipal solid waste, the equivalent
of 2745 tons of medical waste, and 45 thousand tons of hazardous industrial waste. A large part of this waste,
such as spent mineral oils and spent lead-acid batteries, is recycled, and an equivalent of 2000 tons is transported
to the hazardous waste treatment center/driver annually. The municipal solid waste collection service covers
90% of urban areas and 70% of rural areas.
Organic waste constitutes 50% of the total municipal waste and 15% of recyclable plastics [6]. The amount of
waste generated in the Kingdom is constantly increasing, with the population growth rising, especially due to
the refugee, and its impact on changing the content and quality of waste, and raising its quantities to 50 percent
more than the absorptive capacity, especially Al-Ugaider, Al Ghabawi and Al-Husainiyat landfills.
PAHs are a type of compounds that contains basically from carbon and hydrogen with two or more benzene
rings arranged in angular, cluster, or linear form. Depending on the number of aromatic rings, PAHs are
categorized as LMW (2–4 rings) and high molecular weight and HMW more than 4 rings [7]. The increases
resistance to degradation, carcinogenicity, and dearth eases the aqueous solubility of PAH depending on the
number of aromatic rings. The EPA of the USA selected 16 PAH compound as priority pollutants based on
their toxicity and presence in the environment at high concentrations, although several PAH exists in the
environment. The primary route of PAH in the environment is via either Petrogenic, pyrogenic, or biological
pathways [8]. Atmospheric PAHs are continuously deposited to the earth by dry or wet deposition processes.
Some of these PAHs are from nearby sources, such as automotive exhaust from adjacent roadways. Other PAHs
are from sources that are more distant and have been carried various distances through the air. PAHs. When
PAHs are deposited onto the earth’s surface, they can become mobile. Since the majority of PAHs in the soil
will be bound to soil particles [9] and [10]., the sorbent particle size and the pore throat size of the soils are the
most important factors influencing PAH mobility. Therefore, PAH sorption is one of the processes that govern
the soil mobility of individual PAHs. Heavy metals have negative effects at excessive levels, but some of metals
are necessary for living organisms and ecosystems [11]. Landfill sites influence the nearby soil environment
through different pathways and metal migrate via surface runoff [12] by seeping into the surrounding soils.
Metals in waste gases derived from landfills also migrate to the soil via atmospheric deposition [13]. Finally,
the leachate of municipal solid waste landfills facilitates the adsorption of metals on soil through vertical
transport [14]. Heavy metals and PAHs have toxic effects even at low concentrations, which may prove lethal
to any living being. The present study is aiming for investigating the current levels of selected heavy metals
and 16 compounds of PAHs concentration in the landfill of the Al Ghabawi area and its effects on soil and
groundwater.

MATERIALS AND METHODS
Description of Study area
Al-Ghabawi landfill lies at Al Ghabawi area, in Madonna, Sahab Municipality within the Greater Amman
Municipality (GAM) jurisdiction, 40km east of Amman with coordinates of 31° 55' 44.0” N. and 36° 10' 56.0”
E; and with an approximate area of 2km² (Figure 1). The site extends over 1.4% from the southeast to the
northwest (Figure 1). Al-Ghabawi landfill is the first of its kind in Jordan. The landfill was planned for and
built with gas collection systems. The landfill consists of cells in which the wastes are being dumped since
2003 [15]. This landfill is designated to serve three areas (Amman, Zarqa, and Ruseifa) that are heavily
crowded with residents. Jordan has a Mediterranean climate with a rainy season from November to April and
very dry conditions for the remainder of the year. Summers are hot and dry with similar temperatures while
winter conditions. The Climatic data for the study area indicate average annual temperatures, with moderate
annual temperatures with the hottest months between June and September. The period from December to
February is the coldest period, with an average temperature of 9.5°C. The period from June to September is the
warmest period with an average temperature near 26.7°C. Air humidity and sunrise the average relative
humidity in the winter months is about 61%, while it decreases in the summer months to about 45%. The landfill
faces a moderate climate in terms of relative humidity, and a long dry period in summer, in addition to low
humidity, leads to dry conditions that are likely to intensify dust suppression activities. Approximately 16.3%
of the wind readings came from the northwest (NW); most show speeds between 7-11.08 knots and 1.08 1-1
17.1. Knots while the lowest value is more than 21.58 knots. In addition, approximately 15.5% of the readings
came from the West-Northwest (WNW) trend; most are between 1.08-7 1 Knots and 11.08-17.11 knots while
the lowest value is more than 21.58 knots. Al-Ghabawi landfill is located in general in the western parts of the
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plateau of the Jordanian desert known as flint and limestone, which is dominated by carbonate rocks belonging
to the Late Cretaceous period. The main geological structure of this area plays a key role in choosing a site of
the landfill due to the ability of some rocks to impede the transfer of pollutants. The Ghabawi landfill is located
on the Al-Muwaqqar Unit of the loamy chalk, which is an impermeable layer, and the vertical hydraulic
conductivity is very low (2.0*10^-11 m/S), which can delay the flow of pollutants from the surface to the
groundwater system. The hydrological situation of the area belongs to semi-arid climatic conditions. The soil
inside the landfill is a thin layer, has medium permeability, and includes stones and rocks [16].

Sampling Collection and Analysis
Sampling Collection
The sampling was conducted between July and October of the year 2020 (Figure 1). Four sampling sites were
selected (Cell-1, Cell-2, Cell-3, and Cell-4). Samples collection of leachate, soils and groundwater to identify
the content of PAHs. The PAHs are (Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene,
Anthracene, Fluoranthene, Pyrene, Chrysene, Benzo[b] fluoranthene, Benzo[a] pyrene, Benz[a] anthracene,
Benzo[e]pyrene, Benzo[k] fluoranthene, Indeno[1,2,3‐cd] pyrene, Dibenz [a,h] anthracene and Dibenz [a,h]
anthracene) and heavy metals (Al, Cr, Cu, Fe, Ni, Mn, Zn, Pb and Cd). The PAHs was performed according to
the WHO standard methods/APHA [17]. All samples were collected in the same day, and all samples were
stored at 4°C prior to analysis. Soxhlet extraction was done according to US EPA method 3500C to extract
organic contaminants present in soil samples for GC-MS analysis. 200 g of soil was extracted for 18 h with a
300 mL solvent mixture (DCM/Acetone in 1:1 v/v ratio).
The solution was concentrated to 5 mL, whereas the other evaporated to dryness at room temperature using a
vacuum rotator evaporator. The leachate samples and groundwater extract and analyzed by GC-MS analysis
was done in the Laboratories of Greater Amman Municipality and Water, Environment and Desertification
Control Center at Al al-Bayt University. The sample was repeated three times and then the average was taken.

Figure 1. The location of the Al-Ghabawi landfill in the study area

The soil samples were digested using aqua regia (a mixture of HNO3 and HCl in a molar ratio of 1:3) using a
microwave digester (Multiwave GO, Anton Paar) following USPEA 3050B (1986). After cooling the sample
solution to room temperature, it was mixed and passed via Whatman filter paper into a volumetric flask and
diluted to 50 ml [17]. All the metals were determined using atomic absorption spectrophotometer (AAS) at the
laboratories of Greater Amman Municipality and Water, Environment and Desertification Control Center at Al
al-Bayt University. The sample was repeated three times and the average was taken. The leachate samples and
groundwater extract and analyzed by GC-MS and (AAS) in the laboratories of Greater Amman Municipality
and Water, Environment and Desertification Control Center at Al al-Bayt University. The sample was repeated
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three times and then the average was taken. The PAHs analyzed in soil samples and it is not detected in
groundwater samples.

RESULTS &DISCUSSIONS
Heavy Metals in Landfill
The results of metals that were digested in Al Ghabawi landfill sediments are printed in Table (1). The range
and average concentration (mg/kg except Fe g/kg) were 1.94- 4.33 (2.61) for Zn, 22.38- 48.00 (34.125) for Fe,
0.078-0.154 (0.12) for Cd, 40.038-80.2 (55.222) for Cr, 16.00-19.6 (9.6) for Cu, 5.00-7.00 (6.45) for Pb, 24.170.3 (41.84) for Mn, 14.5-43.0 (29.43) for Ni and 8.32-11.87 (10.50) for Al.
The metal concentrations were on the order of Fe > Cr > Mn > Cu > Al > Pb >Zn > Cd. The Fe concentrations
were relatively higher in samples compared with other metals in samples. The differences in the concentration
of metals in all sites may be attributed to differences in the age of the cell at the dumpsite. The active cell still
receives waste on daily basis. In addition, other factors that may contribute to these differences include soil pH,
organic matter content, and other soil characteristics that affect the amount of heavy metal leaching [18].
Concentrations of Cr in soil from active dump sites (40.038-80.2 mg/kg) were significantly low than the values
reported by [19] Adefemi and [20] other authors around the world (Table 1). Fe, Zn, and Cu are essential trace
metals required by the body for metabolic activities. Fe and Zn are cofactors of some metabolic enzymes in
both plants and animals (Ifemeje et al., 2014). These metals recorded 220.38- 480.00 (mg/kg) (g/kg) for Fe,
1.94- 4.33 (mg/kg) for Zn and 16.00 - 19.6 (mg/kg) for Cu. The content of Pb in this study ranged from 5.00–
7.00 mg/kg. Pb is known to persist in surface soils for a long time and thus, dust is of particular concern in Pb
exposure [21]. The values of Pb from the active dump cell were low values that were reported in many countries
[22] and [23]. The content of Cd in soil obtained from active cells (0.15 and 0.154 mg/kg) was higher than the
dormant site (0.0078- 0.0098 mg/kg). This may be attributed to differences in the age of the dumpsite and
biodegradation of waste in the dormant dumpsite. The concentration of Cd was lower than that reported by
[20]. The concentration of Ni was found to be significantly highest in soil from active cells (14.5- 25.00 mg/kg)
than in soil from dormant cells (35.2- 45.00 mg/kg). The values from the active cells were higher than the
values reported by Adelekan and Alawode (2011), but less than the values in Austria (50-70 mg/kg) according
to [24]. The distribution of metals in leachate were ranged between 22.38- 48.00 (34.13) for Zn, 0.01-0.08
(0.04) for Cd, 0.48- 2.29 (1.52) for Cr, 0.028- 0.05(0.028) for Cu, 4.49-35.1(21.123) for Fe, 0.10-0.20 (0.153)
for Pb, 0.34-0.85 (0.69) for Mn and 0.44-2.04 (1.30) for Ni. Whereas the content of metals in groundwater
were less than leachate and soil as the following: Fe> Cu> Cr>Ni> Pb>Zn>Mn. Figure 2 shows that, the soil
samples recorded the highest content of all metals followed by leachate samples and Groundwater samples.
This distribution is normally, so the metals in soils come from nature soils, anthropic sources and deposition
from Atmosphere. The groundwater normally has less content because the depth of wells and the layers of
protection that are used at the bottom of the cells that used when burying waste.

Figure 2. Distribution of metals in Al Ghabawi landfill
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Table 1. Comparing the levels of metals at Al-Ghabawi landfill with previous studies and the WHO (mg/kg dry weight).

Metal

Cell-1

Cell-2

Cell-3

Cell-4

1

Moroccan
landfill

2

Ivoirian
landfill

3

Tunisian
landfill

4

Greek
landfill

5

Nigerian
landfill

Zn
1.94
1.55
4.33
2.61
7.92–190.50
18.61163.7
7.6–76.8
6–344
7.22–27.5
Fe
48
35.1
22.38
31.02
222.18854.22
850–12500
N/A
N/A
988.2–1411
Cd
0.15
0.154
0.098
0.078
0.36–6.80
1–11.5
0.3–1.2
0.5–19
0.94–4.12
Cr
80.2
50.599
50.054
40.038
3.73–68.19
27.7–125
34.4-109.9
4–172
0.06–0.39
Cu
6.8
6.00
6.000
9.6
2.50–54.50
20–369.7
0.1–1.7
8–356
N/A
Pb
5.00
7
7
6.8
2.20–115.52
10.3–1500
1.8–13.2
3–93
1.72–2.98
Mn
70.3
31.48
41.47
24.1
N/A
N/A
N/A
N/A
N/A
Ni
43
352
25
14.5
1.25–34.20
N/A
4.6–39
6–64
0.124–1.4
Note: 1: [25] El Fadili et al., 2022., 2: [26]. Kouame et al., 2006)., 3: [27]. Aydi, 2015., 4: [28]. Kasassi et al., 2008.,5: [23]. Essien
et al., 2019.

The concentration of heavy metals in soil of Al Ghabawi landfill is less or similar to the others landfills in
different countries. The study finds that the contents of metals in Ghabawi landfill in general is much lower
than landfill in other countries as shown in Table (1) with except the content of Cr.

Indicators of Pollution
The Contamination Factor (Cf)
The Contamination Factor (Cf) of heavy metal in this study was determined according to [29] and [30]. A
contamination factor (CF) is defined as the metal concentration in sediment divided by background base value
for each metal. The contamination factor was ranged by average between 0.050 for Mn and 1.36 for Ni. Table
(2) shows the contamination factor lies in Uncontaminated (<2) and Low contaminated (2-4). From the results
of this study, it can be note that the soils were Uncontaminated by Cd, Cr, Pb, Mn, Al, Cu, and Zn in all samples
1≤ Cf <2) except Zn at sample 1 was recorded as low contaminated (4), whereas the Ni was Uncontaminated
in samples 3 and 4 and Low contaminated in cell-1 and 2.

Pollution load index:
Pollution Load Index (PLI) is frequently performed to provide useful details about the polymetallic pollution
level on the soil. The calculated PLI (PLI = [Cf 1 × Cf 2 × Cf 3 × Cf 4 × ⋯⋯ × Cf n] 1/n) at each sampling site
was presented in Table (2). The obtained values of PLI for studied metals ranged from 0.00 to 7.96, with an
average of 1.99. The soil pollution status nearby the landfill sites was found safe (PLI <1) except for site 1
which was heavily polluted by metals (PLI >3). Site 1 is close to cell 1 of the landfill.

Degree of Contamination (Dc)
According to [30], the degree of contamination (Dc) is defined as the sum of all contamination factors for a
given soil. The ranges of Dc and their corresponding index are printed in Table (2). Sample 1 registered the
highest degree of contamination (3.93), while sample 3 registered the lowest value (2.45). Samples located in
the Al Ghabawi landfill have a moderate content of the Dc for all metals The degree of contamination is
increasing according to the following order: Sample 1> Sample 2 > Sample 4 > Sample.3.
Table 2. Indicators of pollution in Al -Ghabawi landfill
1
2
3
4
Metal
*CF1
CF2
CF1
CF1
AV
DC
PLI
EF
Zn
4.850
0.039
0.108
0.065
1.266
5.062
0.49
0.09
Cd
1.875
1.925
1.225
0.975
1.500
7.500
1.18
1.35
Cr
1.865
1.112
1.100
0.880
1.239
4.957
1.9
1.36
Cu
2.667
0.952
0.952
1.525
1.524
6.097
1.16
1.27
Pb
0.250
0.35
0.35
0.34
0.323
1.290
0.60
0.43
Mn
0.068
0.068
0.040
0.023
0.050
0.200
0.25
0.05
Ni
3.185
2.5926
1.8519
1.074
2.176
8.704
1.37
3.85
Al
1.755
1.755
1.755
1.691
1.739
6.955
1.28
2.14
*Note: CF1: Contamination factor in cell-1: CF: Uncontaminated <2, Low contaminated: 24, Moderately contaminated:4-16, Strongly contaminated: 16-32, Extremely contaminated
>32. 2Degree of contamination (DC): Degree of contamination (DC) < Cd<m, moderate: m
≤ Cd ≤2m, Consider-able: 2m ≤ Cd ≤4 m, very high: Cd ≥ 4 m, M: is the number of metals
analyzed: Average of Enrichment factor. 4Enrichment factor (EF): Minimal enrichment <2,
Moderate enrichment: 2-5, Significant enrichment: 5-20, Very high enrichment: 20-40 and
Extremely High Enrichment > 40.
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Concentrations of PAHs in the Surface Soil Samples
The result of polycyclic aromatic hydrocarbon (16 PAHs) distribution in the Al Ghabawi landfill in Jordan
were presented in (Table 3). The content of Low molecular weight (LMW) ranged between 0.426 in active cell
number 4 and 0.609 ng/g in old cell-1. Acenaphthylene has recorded the low value (0.12 ng/g) and Fluorine
has the highest value (0.85 ng/g). Medium molecular weight (MMW) has the highest content (0.52 ng/g) in
cell-1 and cell-4 recorded the less concentration (0.26 ng/g). Pyrene recorded high content (1.34 ng/g) and
Fluoranthene had low content (0.7 ng/g). The content of High molecular weight (HMW) ranged between 0.77
ng/g in cell-3 and 1.5 ng/g in cell-1. Benzo[b] fluoranthene recorded the highest concentration (0.85 ng/g) and
Benzo[a] Pyrene the least content (0.34 ng/g). The HMW PAHs Benzo[b] fluoranthene was highest followed
by Benz[a] anthracene, Benzo[e]Pyren, Indeno [1, 2, 3‐cd] Pyrene, Chrysene, Dibenz [a, h] anthracene,
Benzo[k] fluoranthene. The dominance of HMW PAHs compared to MML and LMW PAHs may be due to the
properties of the HMW PAHs, age of the landfill, weather, and climatic condition. Low molecular weight PAHs
such as Naphthalene, Acenaphthylene Acenaphthene, Fluorine, Anthracene, and Phenanthrene are degraded
rapidly by many bacteria and fungi while high molecular weight PAHs however are more recalcitrant in the
environment and resist both chemical and microbial biodegradation [32]. The predominance of HMW PAHs
in the active cells in Al Ghabawi landfill compared to dormant site may be related to differences in the age of
PAHs and the rate of degradation given that the dormant site was not receiving waste.
LMW PAH is characterized by volatilization and disappeared from the soil. It is well known that light PAHs
compound finds in soil in less content than HMW because their physicochemical properties such as volatility,
high solubility, biodegradability, and less sorption ability to soil organic constituents [33]. As the mentioned
by [34] the fate of PAHs in soil is affected by many factors such as the nature of the soil minerals and organic
matter, and pollutant properties such as solubility, polarity, hydrophobicity, lipophilicity, and molecular
structure. This might explain the differences in PAHs contents between samples as well as variation in PAHs.

Identification of PAHs Sources
Identification the sources of PAHs is widely considered very important to know, how PAHs transport and its
fate in environment. The environmental studies use several techniques to understand and distinguish between
items of PAH sources; these groups include coal-based, wood-based, or oil-based sources. There are sources
of PAHs to the environment are numerous and generally well known, which the sources of PAHs to come the
environment in both industrial, and residential areas and natural sources. Generally, ratios of various PAH
concentrations are used to diagnose the possible sources of PAHs [35]. The method used to distinguish
pyrogenic PAHs from Petrogenic PAHs is to test the number of 5-member hydrocarbon rings in the PAHs. 5member rings are more abundant in petroleum hydrocarbons than in pyrogenic substances, because the
extensive time of petroleum hydrocarbon formation favors the marshaling of the rings (Abdel-Shafy et al.,
2016). For materials formed pyrolytically, the source material is rapidly converted into more stable 6-member
rings. Table (3) and Figure 4 show PAH ratios of Flu/(Flu+Pyr), BaA/ (BaA + Chry), and IcdP/(IcdP + BghiP),
versus MP/P in the soil from the Al Ghabawi landfill in Jordan. Generally, the results of the ratio relation
perfectly show the predominance of pyrogenic versus Petrogenic sources of PAHs in the soil in the study area.
The ratio of LMW to HMW PAH ratio higher than 1.0 indicates that a pollution of Petrogenic origin, while a
ratio lower than 1.0 indicates pyrogenic origin of PAHs, the results (0.75-1.04) show mixed between pyrogenic
and Petrogenic. Also the result of Fluo/Pyr > 1 indicates Petrogenic origins and Fluo/Pyr < 1 indicates
Petrogenic, it other evidence that the sources of PAHs come from mixed sources. The ratio of Ant/ (Phe + Ant)
in all samples showed the main sources in the study area is Petroleum sources. Others ratios such as BaA/ (BaA
+ Chr) shows the sources of PAHs in the study area comes from fixed sources including combustion of wood,
grass and coal and Petroleum. Flu/ (Flu + Pyr) showed petroleum combustion as the major source of PAHs. On
the other hand, a BaA/ (BaA + Chr) value <0.20 implies a petroleum source of the PAHs, while a value within
the range of 0.20–0.35 points to liquid fossil fuel and petroleum combustion. Meantime, a BaA/ (BaA + Chr)
value >0.35 reveals combustion of coal, grass, and wood [35].

678

Heavy Metals and PAHs in the Municipal Solid Waste in Ghabawi Landfill/Jordan
Abdel Kawi A. Al-Alimi, Heba T. Al-Sarheed, Omar Elarabiyat, Omar A. Rimawi
Table 3. Results of PAHs and the origin of PAHs
PAHs Compound
Abbreviation
Cell-1
Cell-2
Cell-3
Cell-4
Average
Naphthalene
Nap
0.11
0.01
0.01
0.06
0.046
Acenaphthylene
Acy
0.05
0.04
0.039
0.06
0.047
Acenaphthene
Ace
0.059
0.06
0.049
0.04
0.052
Fluorene
Flu
0.26
0.22
0.22
0.15
0.213
Phenanthrene
Phe
0.09
0.078
0.078
0.04
0.072
Anthracene
An
0.04
0.03
0.03
0.05
0.038
Fluoranthene
Fl
0.23
0.2
0.14
0.13
0.175
Pyrene
Py
0.29
0.31
0.61
0.13
0.335
Chrysene
Chy
0.11
0.1
0.091
0.095
0.010
Benzo[b] fluoranthene (1)
B(b)F
0.25
0.27
0.22
0.23
0.243
(1
Benzo[a] pyrene )
B(a)P
0.07
0.08
0.06
0.09
0.075
Benz[a] anthracene
B(a)A
0.2
0.21
0.198
0.194
0.201
Benzo[e]pyrene
B(a)P
0.4
0.18
0.03
0.04
0.163
Benzo[k] fluoranthene (1)
B(k)F
0.08
0.09
0.07
0.08
0.08
Indeno[1,2,3‐cd] pyren (1)
I(123-cd)P)
0.3
0.14
0.029
0.03
0.125
Dibenz[a,h]anthracene (1)
DB(a,h)A
0.09
0.11
0.07
0.07
0.085
High molecular weight
HMW (%)
57.03
55.4
51.33
55.33
54.7725
Low molecular weight
LMW (%)
42.97
44.6
48.67
44.67
45.2275
Total PAHs
---2.63
2.13
1.5
1.5
1.94
LMW/HMW
---0.75
0.8
0.95
0.8
0.825
FLA/(FLA + PYR)
---0.44
0.39
0.47
0.5
0.45
BaA/(BaA + CHR)
---0.65
0.68
0.69
0.67
0.673
Phe/Ant
---2.25
2.6
2.6
0.8
2.063
Zinc
Zn
48
35.1
22.38
31.02
2.61
Iron
Fe
0.15
0.154
0.098
0.078
34.13
Cadmium
Cd
80.2
50.599
50.054
40.038
0.12
Chromium
Cr
16.8
6.00
6.000
9.6
55.22
Cupper
Cu
5.00
7.0
7.0
6.8
7.10
Lead
Pb
70.3
31.48
41.47
24.1
6.45
Manganese
Mn
0.15
0.15
0.15
0.78
41.84
Nickel
Ni
11.3
11.87
8.32
10.5
108.63
Aluminum
Al
48
35.1
22.38
31.02
10.50
Note:
LMW/HMW: Higher than 1.0 indicates a pollution of Petrogenic origin and lower than 1.0 indicates pyrogenic origin of PAHs ([32] Magi et
al. 2002; [33] Qiao et al. 2006. FLA/ (FLA + PYR): (0.2–0.35) indicate from Coal combustion and (>0.35) come from Vehicular emission
([34] Sicre et al. 1987; [35] Budzinski et al. 1997.

Figure 4: Diagnostic ratios of Fla/ (Fla + Pyr)

679

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

CONCLUSIONS
From the results mentioned in this study, it could be concluded that, the contamination factor lies under
Uncontaminated (<2) and Low contaminated (2-4) for all metals. It can be also noted that the soils were
uncontaminated by Cd, Cr, Pb, Mn, Al, Cu, and Zn in all samples 1 ≤ Cf < 2). The LMW contents are less than
the HMW. The all ratio that used to identify the origin of PAHs indicates that the origin of PAHs reflected the
predominance of pyrogenic versus Petrogenic sources and the origin of PAHs come from three origins:
combustion, Petroleum and mixed sources.
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Bioremediation of Heavy Metals via Living
Microorganisms from Synthetic Wastewater
Yaşar Emre Topaloğlu*1, Yaşar Nuhoğlu1
Abstract
In this study, the treatment and bioremediation of synthetic wastewater via living microorganisms were
investigated. It was thought that the use of rapidly growing microorganism species living in extreme
living environments would be effective in treating heavy metals in wastewater. Microorganisms living on
the surfaces of stone monuments were preferred as the extreme living environment, and microorganisms
isolated from these medium were used. Around 20 bacterial and fungal species living on the stone surface
were identified and in this research, which was carried out as a preliminary study, bioremediation studies
were carried out with Penicillium frequentans and Penicillium jensenii fungi species, which show very
rapid development.
Fungi such as Penicillium frequentans, Penicillium jensenii, Trichoderma koningii, Cladosporium
cladosporoides and Aspergillus flavus are used some elements for their development by dissolving iron,
manganese and potassium in the structure of the stone by enzymatic chemical reactions. In the
preliminary experiments, bioremediation of heavy metals such as iron(II) chloride, iron(II) sulfate,
aluminum sulfate, copper(II) sulfate compounds were studied. In the preliminary researches, it was
determined that the removal of iron(II) sulfate, iron(II) chloride and aluminum sulfate compounds among
these compounds was good treatment performance. Iron(II) sulfate and aluminum sulfate compounds,
which show good removal in the purification process, were preferred.
As a result of the studies, it was determined that the removal efficiency of heavy metals in iron(II) sulfate,
aluminum sulfate, compounds was close to 100% (99.30%) for the iron element, but around 94.20% for
the aluminum (sulphate).
Key words: bioremediation, ferrous sulfate, aluminum sulfate, Penicillum spp.

1.

INTRODUCTION

Bioremediation can be defined as the treatment or rendering harmless of pollutants in an environment using
living organisms (plants, microorganisms) that grow rapidly and are less affected by toxic substances.
Microorganisms and plants that can break down or decompose organic and inorganic pollutants, or take them
into their living tissues and render them harmless, are the basis of this technique. Compared to techniques
such as reverse osmosis, ultrafiltration, electrodialysis, ion exchange, chemical precipitation and etc., it is a
low cost, more easily applicable and accepted method by everyone [1, 2].
Since it is an environmentally sensitive method, its advantage is great because it does not disrupt the structure
of the ecosystem. On the other hand, the fact that it can be applied without changing the natural structure of
1

Department of Environmental Engineering, Faculty of Civil Engineering, Yıldız Technical University, Davutpaşa
Campus, 34220 İstanbul, Türkiye
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the environment we want to treat, without stopping the ecological balance in the environment and the
dynamic structure of the ecosystem makes this method unique and without alternatives. After bioremediation,
the environment continues its ecological functions and nature becomes usable. The main target of
phytoremediation technique is toxic heavy metals, organic and inorganic pollutants. Living things that can
live in extreme conditions or whose genetic structure has changed are specially preferred and used in this
method. Besides this method, other general treatment methods can be used together to complete the
treatment/remediation process [1-3].
In this study, microorganisms that are effective in the degradation of stones in historical artifacts that we have
investigated in another study and that can survive in extreme conditions have been preferred. While
examining the microorganisms that are effective in the degradation of stones in historical monuments Ca, K,
Fe, Ti, Sr, Ni, Ba, Mn, Sn, Pb, W, Zr, Cu, Rb, Se, S, Bi, As, Co, Cl, Zn, V, Cr, P elements were detected in
the stones in XRF analyzes. Among these elements, C, O, H, N, P, S, K, Ca, Mg and Fe are used in large
amounts in microbial metabolism, while Mn, Zn, Co, Ni, Mo and Cu are used in small amounts [4, 5].
The idea that the microorganisms living on the surface and cavities of the stones and absorbing the minerals
in the stones by enzymatic chemical ways and using them in their metabolism would be very effective in
bioremediation.

2.

MATERIALS AND METHODS

2.1

Selection of Fungal Species and Determination of Optimum Growing Temperatures

In this study, it was thought that the use of rapidly growing microorganism species living in extreme habitats
would be effective in the treatment of heavy metals in wastewater. Microorganisms living on the surfaces of
stone monuments are effective in the degradation of stones that we have investigated in another study and that
can survive in extreme conditions have been preferred [4 ].
The isolation, reproduction and species identification of these microorganisms by taking samples from the
stones in historical monuments (Fig. 1) are explained in detail in the related articles. [4, 5]
The isolation and cultivation of fungi, malt extract agar were use (Fig. 2). The microbiological preparatory
examinations were carried out serially at 0, 5, 10, 15, 20, 25, 30 and 40 ºC, and the optimum incubating
temperatures of the fungi groups were found out, underlining those already known from the literature [4, 5].
The optimum incubating temperature of the fungi was determined as 20 °C. Around 20 bacterial and fungal
species were identified and in this research, which was carried out as a preliminary study, bioremediation
studies were carried out with Penicillium frequentans and Penicillium jensenii fungi species, which show very
rapid development.

2.2 Media studies used in metal removal
After the fungal species were isolated and purified in solid medium, liquid malt extract broth medium (17,0
g/L) was prepared and heavy metals at desired concentrations of 50, 100 and 200 mg were added to the
medium. There is 55,885 grams of iron in 1 mole of FeSO4, from the iron sulfate molecule, which is 278.02
g/mol by calculation. To prepare 100 mg of iron solution, 497.8080 mg of 498 mg of FeSO4 was added in the
medium. Likewise, from aluminum sulfate solution 1235 mg of aluminum sulfate compound was added to
prepare 100 mg of aluminum solution (Fig. 3).

a)
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Sampling location

b) Sterile stone specimen

c) Transfer of fungi to the medium
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Figure 1. Taking samples and transferring them to liquid medium

a) Mixed culture

b) Pure culture

c) Pure culture

Figure 2 The isolation and cultivation of fungi.

a)Treating process in shaker at 20°C

b) After treatment
Figure 3. The treatment medium

Microorganism cultures were incubated at 20°C and 10 ml. of samples were taken from the medium on the
1st, 3rd, 5th, 7th and 9th days. The samples taken were filtered through a 0.45 micron pore diameter filter that
was previously dried at 104 degrees for one day. After filtration, the filtrate remaining in the nuche flask was
taken into 20 ml collection tubes, stored in a deep freezer, and then analyzed in an atomic adsorption
spectrometer. The samples taken were previously dried at 100°C for one day, and the amount of fungi
remaining in the filter filtered through a 0.45 micron pore diameter filter paper was calculated [4, 5].

2.3.

Heavy metal selection

In the preliminary experiments, iron(II) chloride, iron(II) sulfate, aluminum sulfate and copper(II) sulfate
compounds were studied. In the preliminary researches, it was determined that the removal of iron(II) sulfate,
iron(II) chloride and aluminum sulfate compounds among these compounds was good treatment performance.
By looking at the refining capacity of these metals, a and b metals that provide good removal were selected.
Iron(II) sulfate and aluminum sulfate compounds, which show good removal in the purification process, were
preferred. When the purification capacities of these metals are examined, iron(II) sulfate and aluminum
sulfate compounds, which provide the best removal, were selected for treatment processes.
3.

RESULTS AND DISCUSSION

In this study, bioremediation of synthetic wastewater was performed by purifying the fungi living on the
stone surface of historical monuments in Yıldız Technical University campus. The hypothesis put forward in
the study can be expressed as follows: It has been predicted that microorganisms living on the stone surface
of the historical monuments in Davutpaşa region can survive by dissolving the elements such as iron,
manganese, aluminum and potassium in the mineralogy structure of the stones on which they live on the
surface with enzymatic chemical means in extreme conditions, in a location with very little nutrient
possibilities [4, 5]. Considering the ability of microorganisms to leach metals (toxic metals), it was thought
that it could be used with high efficiency in heavy metal removal in wastewater treatment.
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As described in the experimental studies, in order; collection of microorganisms, preparation of solid media,
dilution of microorganisms, cultivation of microorganisms in solid media and waiting for the development
process, preparation of determined solutions and preparation of liquid media, adding microorganisms and
solutions to liquid media, taking samples at regular intervals and analyzing the samples under sterile
conditions. It has been tried to be done without making mistakes. After all the processes, the media
containing the growing microorganisms were sterilized and the microorganisms used were killed. Afterwards,
the samples taken from the broth were weighed and the amount of microorganism growing was determined.
As a result of the purification carried out in this study, it was determined that Penicillium expansum,
Penicillium jensenii fungal species developed very rapidly and purified Iron(II) sulfate, Iron(II) chloride,
aluminum sulfate compounds well, but not copper sulfate compound well. When the purification capacities of
these metals are examined, Iron(II) sulfate and aluminum sulfate compounds, which provide the best removal,
were selected for treatment processes. The bioremediation studies with Penicillium expansum mushroom are
given in this paper.
Research results:
In this research , the bioremediation of wastewater, which was supplied at different heavy metal
concentrations (50, 100, 200 mg/L) was carried out.
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As a result of the research that lasted for 9 days, the iron concentration in the synthetic wastewater-nutrient
medium prepared by using Iron(II) sulfate containing 100 mg/L iron, decreased to 0.66 mg/L and 99.56%
removal was achieved. The heavy metal removal efficiency and the dry weights of the mushrooms formed in
response to this removal are shown in Figure 4.

Figure 4. The remaining amount of Iron(II) sulfate and growing fungus in the solution ( pollutant dose = 100 mg/L,
agitating rate = 360 rpm, pH 4.0, temperature 20°C).

When the graph (experimental results) is examined, it is seen that the heavy metal removal is very high, a
removal rate close to 100%, and within nine days, the amount of growing mushroom increases to 1018 mg by
dry weight.
Following this study the iron concentration in the synthetic wastewater - nutrient medium prepared by using
Iron(II) sulfate containing 200 mg/L. The iron removal has reached to 78.19 mg/L and the amount of growing
mushroom increases to 641 mg by dry weight (Fig. 5). This indicates that the toxic effect of ferrous metal has
begun [6, 7].
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Figure 5. The remaining amount of Iron(II) sulfate and growing fungus in the solution ( pollutant dose = 200 mg/L,
agitating rate = 360 rpm, pH 4.0, temperature 20°C).

In the second stage, bioremediation of wastewater, which was carried out at different concentrations (50, 100,
200 mg/L) of aluminum sulfate remaining wastewater. The research results are given in Figure 6 and Figure
7.
When the experimental results in the Fig. 6 is examined, it is seen that the aluminum sulfate removal is 93.89
and the amount of growing mushroom 709 mg by dry weight.
When the research results in iron sulfate and aluminum sulfate are compared with each other, it is seen that
the removal efficiency in iron sulfate is higher than aluminum sulfate. This should prove that ferrous sulfate
is more desirable in microbial metabolism.
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As can be seen from the figure, it is seen that the aluminum concentration is increases, aluminum sulfate
removal and fungal growth decrease. The aluminum sulfate removal decreased at 47.61 % and the amount of
growing mushroom achieved at 709 mg by dry weight. This indicates that the toxic effect of aluminum has
begun.
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Figure 6. The removal of aluminum sulfate and fungal biomass ( pollutant dose = 100 mg/L, agitating rate = 360 rpm, pH
4.0, temperature 20°C).

Figure 7. The removal of aluminum sulfate and fungal biomass ( pollutant dose = 200 mg/L, agitating rate = 360 rpm, pH
4.0, temperature 20°C).
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In the third phase of the research, it was carried out at different concentrations (50, 100, 200 mg/L) of copper
sulfate remaining wastewater. The research results are given in Figure 8 and Figure 9.

Figure 8. The removal of copper sulfate and fungal biomass (pollutant dose = 100 mg/L, agitating rate = 360 rpm, pH 4.0,
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temperature 20°C).

Figure 9. The removal of copper sulfate and fungal biomass ( pollutant dose = 200 mg/L, agitating rate = 360 rpm, pH 4.0,
temperature 20°C).

As can be seen from the figure 8 and 9, it is seen that the initial copper concentration is increases, copper
sulfate removal and fungal growth decrease. However, it is clearly seen that copper sulfate is a toxic
pollutant. For this reason, the development of the fungus in the polluted environment was very limited. The
copper sulfate removal was achieved at 73.02%, and 37.08% at 100 and 200 mg/L pollutant respectively. As
can be seen in the graph, the growth of fungi has also decreased due to toxicity.

4.
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CONCLUSIONS
•

In this study, bioremediation of synthetic wastewater was performed by purifying the fungi living
on the stone surfaces.

•

Considering the ability of microorganisms to leach metals (toxic metals), it was thought that it
could be used with high efficiency in heavy metal removal in wastewater treatment.

•

Itwas determined that Penicillium expansum, Penicillium jensenii fungal species developed very
rapidly and purified Iron(II) sulfate, Iron(II) chloride, aluminum sulfate compounds well, but not
copper sulfate compound well.

•

When the purification capacities of these metals are examined, Iron(II) sulfate and aluminum
sulfate compounds, which provide the best removal, were selected for treatment processes. The
bioremediation studies with Penicillium expansum mushroom are given in this paper.

•

It is seen that the Iron(II) sulfate ) removal is very high, a removal rate close to 100%, and within
nine days, the amount of growing mushroom increases to 1018 mg by dry weight.

•
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The aluminum sulfate removal is 93.89 and the amount of growing mushroom 709 mg by dry
weight.

•

The copper sulfate removal was achieved at 73.02%, and 37.08% at 100 and 200 mg/L pollutant
respectively. The growth of fungi has also decreased due to copper sulfate toxicity.

•

With this research carried out in laboratory conditions, the application conditions in the natural soil
environment are investigated by reducing or reducing the medium used in terms of practicality.
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Zero-Valent Iron Nanoparticles in Soil and
Groundwater Remediation; Applications,
Toxicity, Fate and Transport Mechanisms
Sultan Akarçay Demir1, Ahmet Demir2, Mehmet Sinan Bilgili3
Abstract
During the last two decades application of nanomaterials to eliminate contamination has been increased.
Especially in-situ remediation of soils and groundwaters by nanomaterials has been gained growing
attention. In this paper a review work has been done based on some of remarkable studies of the field.
Nano-scale zero valent iron had been choosed as it is the most frequently used nano material for
remediation of contaminated soil and groundwater. The objective of this study is to evaluate efficiency of
nano-scale zero valent iron along with toxicity of nZVI, its’ effect on the soil and groundwater
geochemical properties and fate and transport mechanisms. Figuring out these challenges all together is
a very important in order to categorize nZVI as environmentally safe and effective material. As a result,
nZVI seemed to provide high removal efficiencies (up to 82%) for both organic and inorganic pollutants,
toxicity mainly caused by ROS (reactive oxygen species) in presence of nZVI, and those nanoparticles
have impact on the media’s pH and ORP (oxidation reduction potential). nZVI particles usually get
immobile in the media and transform into iron minerals eventually.

Keywords: Nanotechnology, Iron nanoparticles, Zero-valent iron, Soil remediation, Groundwater
remediation

INTRODUCTION
Since the beginning of industrialization and urbanization, human beings keep producing enormous amounts
of pollutants and these pollutants eventually find their way to contaminate soils, water (both surface and
groundwater), sediments and air. The problems related to contaminated sites are now attracting increasing
attention in many countries, as the estimated number of such sites continues to grow. The National Priority
List of the United States includes more than 1200 sites with potential sites numbering 32,000. In the UK, it
has been estimated that over 300,000 ha are contaminated due to industrial activities [1, 2]. Consequently,
remediation of contaminated soils and groundwaters has become essential for environmental health
nowadays. Conventional treatment methods for this purpose has been used throughout the history but it is
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now turned into more innovative and practical treatment methods, which are more promising for the rapid
remediation of the resources for the future. Innovative methods specifically for groundwater restoration
include improved stream extraction, thermal conduction, use of surfactants, enhanced bioremediation
reduction, permanganate application and use of permeable reactive (sorption) barriers [2]. However, the other
innovative technology used for soil and groundwater treatment is called nanotechnology and its application is
growing fast day-by-day over a more than 20 years period.
Nanotechnology is considered as an applied technology in various areas. It allows the way to work at the
atomic level and to create new structures. Nanotechnology includes the production of Nano-sized materials
and devices and controlling them in order to use their unique characteristics. By using this definition, it is
found that nanotechnology has numerous applications in various areas of life sciences, engineering, and
medicine [3]. One of the areas where nanotechnology can be used is the environment. Figure 1 explains
environmental applications of nanotechnology. There are over 59 nanoparticle-based technologies used for
groundwater treatment. However, the most viable and robust one is the application of nano zero-valent iron
nanoparticles [4].
Iron is the fourth most abundant element in the earth crust and the most frequently used material in different
natural and artificial environmental processes. Especially zero-valent iron (ZVI) has been widely applied for
environmental remediation due to its strong reducing power (E0= -0,44 V) and its capacity to adsorb variety
of significant contaminants such as metalloids and heavy metals. The earliest environmental uses of ZVI were
on reductive dechlorination of chlorinated solvents. For instance, Gillham and Ohannesin (1994) found that
iron filings were capable of reducing the number of halogenated aliphatic compounds [5].
Nano-scale zero-valent iron (nZVI) materials have been found more reactive than conventional iron powder
or iron filings because of the greater specific surface area and possibly the nanoscale effects. Although most
published works have been devoted to treatment of organic and inorganic contaminants in water, the most
unique and promising environmental application of nZVI-based technology is believed to be for in situ
remediation of contaminated soil and groundwater as it was proposed in the beginning, in particular, for
aquifers that are difficult to reach by conventional technologies [4, 5].

Figure 1: Environmental Application of Nanotechnology

2.

NANO SCALE ZERO-VALENT IRON PARTICLES

2.1. Corrosion of nZVI
Zero-valent iron nanoparticles (Fe0) are widely used materials with great application potential in extensive
range of current nanotechnologies. Owing to their extraordinary reduction capacity, small size (1-100 nm)
and high reactivity with an extensive kind of toxic substances, these nano materials are highly suitable to use
in groundwater or soil remediation [6]. Figure 2 represents schematic illustration of the nZVI particles
regarding the double effect of reduction process and adsorption mechanism. It also shows porosity of the
nanoparticle, which is also an important factor in physicochemical reactivity. Zero-valent nano iron can also
be coupled with trace metals (ex. Pt, Pd, Ag), showing significantly enhanced reaction. Corrosion, in general,
is the degradation of a substance caused by surrounding environment in which it occupies. The production of
metals from oxide depends on an input of energy and consequently the material gains a strong
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thermodynamic driving force to go back to its natural low energy stage. This returning process is mostly
described as corrosion; an unavoidable process. However, the one which could be controlled by a variety of
methods. In aqueous media, zero valent iron is highly vulnerable to corrosion [6, 7].

Figure 2: Schematic presentation of the nZVI regarding the double effect of reduction process and adsorption of heavy
metal on the surface [6].

Iron corrosion is thought to be arised firstly by an electrochemical process that includes anodic and cathodic
components. The anodic reaction step consists of dissolution of zero valent iron and coupling with reduction
of redox reactions species at the cathode. In natural waters, the primary components available for corrosion
are dissolved oxygen (DO) and water, with former being thermodynamically favored (Eqs. 1 and 2).
!

E0

2Fe! + 4H" + O# → 2Fe# + 2H# O
(1)
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=
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Ferrous iron (Fe2+) is a primary product from these reactions and, in turn, can undergo further oxidative
transformation (Eqs. (3) and (4)) [7].

1
2Fe2+ + 2H" + O# → 2Fe%" + H# O
2

2Fe2+ + H# O → 2Fe%" + H# + 2OH$

E ! = +0,46 V

E ! = −1,60 V

(3)

(4)

After all these chemical reactions pH is expected to increase, either as consequence of consumption of
protons or production of hydroxyl ions. At the very early stage of laboratory-scale nZVI aqueous
experiments, this phenome is usually observed. Additionally, due to the high reactive surface area of nZVI (
~100 m2/g), adding a significant amount of material into an aqueous system triggers chemically reducing
conditions to occur very rapidly through equations 2 and 4 [7].

2.2. Agglomeration and passivation of nZVI
Agglomeration of metal nanoparticles is thermodynamically favorable process, and it can take place in a
number of fashions, including: 1) Ostwald ripening (i.e. during particle formation and growth, particles
smaller than the critical size will dissolve, and then taken by the larger particles), 2) arrested precipitation
(precipitation facilitated by formation of nucleation centers), and 3) direct inter-particle interactions. The
inter-particle forces may include van der Waals forces, magnetic dipolar interactions, and electric dipolar
interactions. Particle agglomeration renders the particles undeliverable in soil, and reduces the specific
surface area, thereby diminishing particle reactivity. The reductive reactivity can also be weakened due to
reaction with water. Therefore, the key to stabilize nZVI nanoparticles is to control the inter-particle
interactions and particle growth and to passivate the particle surface from being reacted “too quickly” by the
media [5, 8].
Passivation may happen in a several ways. Firstly, it may occur through the oxidation of nZVI before it
reaches the contaminants it is targeted to respond with (in terms of the fact that motions may remain inside
the particles). Secondly, rapid oxidation may cause the passivation of nZVI due to accessible oxygen of the
medium. Lastly, it may happen because of the agglomeration of nZVI [8,9].
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2.3. Preparation and stabilization of nZVI
Overall, three main approaches have been used to obtain bare zero valent iron particles including; 1) topdown approach (for instance; high energy ball milling of bulk iron particles). 2) bottom-up approach (i.e.,
aqueous-phase reduction of Fe2+/Fe3+), and 3) gas-phase reduction of iron oxides to ZVI with hydrogen gas
or some other scalable approaches. The reductive reactivity can also be weakened due to reaction with water.
Therefore, the key to stabilize nZVI nanoparticles is to control the inter-particle interactions and particle
growth, and to passivate the particle surface from being reacted “too quickly” by the media [5,10].
In the past decade or so, several stabilization techniques have been investigated and compared for their effects
on nZVI dispersibility and stability. Generally, stabilization of nZVI can be realized through surface
modification and/or creating a network that separates the nanoparticles as depicted in Figure 3; a) stabilizers
are attached onto nZVI and integrate nZVI within the gel structure, and b) the non-adsorbing stabilizers
generates a network around nZVI to separate them from each other. As a result, the frequency of collisions
between nanoparticles can be greatly reduced due to the stiffness of the stabilizer matrix/network where
nanoparticles are trapped [5].
To sum up, a stabilizer enhances dispersion of nanoparticles through: 1) electrostatic stabilization (adsorption
of charged stabilizer molecules to the core metal, which creates an electrical double layer and results in
Coulombic repulsion between the stabilizer-capped particles), 2) steric stabilization (coating the metal core
with macromolecular stabilizers such as polymers impedes particle attractions through the osmotic repulsive
force, which arises when the layers of stabilizer molecules overlap), 3)electrosteric stabilization (through
combined electrostatic and steric interactions), and 4) network stabilization (or viscous stabilization). As a
rule, macromolecules of larger molecular weight and high densities of charged functional groups are more
effective stabilizers. In addition to enhanced dispersibility of nanoparticles, coating a stabilizer onto
nanoparticles may also passivate the reactive particle surface from being reacted with the media (e.g.H2O and
DO) [5, 8].

Figure 3: “Schematic representation of (a) surface modification stabilization (where surface coating facilitates particle repulsion),
and (b) network stabilization (where a medium network is formed due to hydrogen bonding and polymer entanglements).” [5].

3.

SOIL AND GROUNDWATER REMEDIATION BY nZVI PARTICLES

In 2001, Elliot and Zhang were the first appliers of nZVI for in situ degradation of chlorinated organics in
groundwater. In this study, the researchers injected non-stabilized nZVI particles in suspension form into
subsurface, as a result they observed that zero valent iron nanoparticles aggregated quickly deposited on the
well screen during the remaining finer particles (nZVI) had traveled from a few inches to a few feet before
turning into immobilized particles in the soil matrix [5,11]. After that, application of nZVI for soil and
groundwater remediation has risen rapidly until 2009 [5]. Quinn et al. in 2005 studied the performance of a
surfactant-oil emulsified nZVI to enhance in situ dehalogenation of TCE (in National Aeronautics and Space
Administration site). Injection was made into 8 wells at the depths between 4.9 and 5.8 meter by using a
pressure pulse injection method. As a result, notable reduction in TCE soil concentrations were occurred
(more than 80%) at 4 of the 6 soil sampling locations in 90 days following injection, and moreover
remarkable reductions of TCE concentrations (between 57 and 100%) were also observed in groundwater at
all depths aimed with nZVI in 5 months. Additionally, in long term observations (up to 19 months)
groundwater samples had shown that degradation of TCE were mostly occurred out of other degradation
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mechanisms such as biodegradation [12]. A long term field test has been conducted by Su et al in 2012 for
remediation of chlorinated volatile organic compounds (CVOCs) in a subsurface zone applying nZVI (corn
oil and surfactant emulsified nZVI) and the study revealed 86% reduction in total CVOCs mass and 93% loss
in PCE mass after 2.5 years of injection [13]. In another study CMC stabilized Fe-Pd performance
investigated to remove PCE, TCE and PCBs from a northern Alabama aquifer for decades. For application of
nZVI four test wells were installed towards the groundwater flow direction spaced at 1.5 m consisting one
injection, one up gradient and two down gradient monitoring wells. Stabilized Fe-Pd nanoparticles injected
into 50-ft depth, an unconfined aquifer. More or less 568 L of 0.2 g/L nZVI was gravity fed through injection
well with pressure of <5 psi one month later. As a result, almost 88%of TCE degradation occurred for more
than 596 days, and the study showed that the nZVI played important role in abiotic degradation in just for
initial 2 weeks, for the rest of the time it boosted a long-term biotic dechlorination [14].
Application of sulfidated nZVI particles is a very brand new approach in field of soil and groundwater
remediation. Sulfidation gives better stability and enhanced electron transfer of zero valent iron nanoparticles
so they perform more effectively to decontaminate chlorinated compounds like DNAPLs (dense non-aqueous
phase liquids). Nunez Garcia at al. (2020) studied the removal of DNAPL in a contaminated site in Ontario,
Canada. The depth of DNAPL contaminated area was about 4-5 m bgs (below groundwater surface) [16]. In
this study, sulfidated nano zerovalent iron (S-nZVI) stabilized with carboxtmethyl cellulose (CMC) was
synthesized on site and injected into the subsurface of a site contaminated with a broad range of chlorinated
volatile organic compounds (cVOCs). Transport of CMC-S-nZVI to the monitoring wells, both downgradient
and upgradient ended up with notable decrease in soncentrations of aqueous-phase cVOCs. In short term (017 days) total boron and chloride measurements showed dilution and displacement in wells. However,
compound specific isotope analysis (CSIA), changes in concentrations of intermediates, and increase in
ethene concentrations confirmed dechlorination of cVOCs. Dissolution from the DNALP pool into the
aqueous phase at the levels of 4-4.5 m bgs was identifiable from the increased cVOCs concentrations druing
lon-term monitoring. However, around 1.5 m above the source zone a contrasting trend was observed that
indicated successful dechlorination. Differences in cVOCs concentrations and CSIA data suggest both
sequential hydrogenolysis as well as reductive β- elimination. One of the most significant outcomes of this
experiment is the non-accumulation of lower chlorinated cVOCs concentrations throughout the targeted
treatment zones. Results showed that sulfidation is a suitable amendment for developing better efficiency in
nZVI-based in situ remediation techniques.
Another study carried out by Qian et al. (2020) [17] investigated decontaminated of the chlorinated solvents
in ground water by injecting the nZVI and modified nZVI particles via direct push method. The chosen
groundwater was contaminated with trichloroethylene (TCE) and trichloromethane (TCM). The nanoparticles
which is used in this experiments were commercially available NANOFER STAR. nZVI was modified with
biochar for a better stability in water. They used 2 injections in an individual trial; the first one was used with
the support of nZVI, and the other was incorporated with the help of biochar-nZVI on two separate injections.
Injection depths were 3.5 ,4.5 and 5.5 meter.
Initial concentration of TCE was 3500 µg/L. After the first injection, the concentration of TCE reduced to
1000 µg/L which corresponds to almost 71,50% removal efficiency at bgs level of 5.5 m. But the TCE
concentration level increased after 1-2 days of nZVI injection. As the concentrations of the TCE at 5.5 m bgs
reached up to value of 3000 µg/L on day 14; they have injected biochar-nZVI. As a result, this injection
showed longer attention time for the modified nZVI particles in the groundwater and the TCE concentration
was reduced to almost 0 which means 100% removal efficiency on day 28. So this study suggests that
modification of nZVI particles plays important role in increased surface area which eventually result in better
removal efficiencies.

4.

EXPOSURE ROUTES AND TOXICITY OF nZVI PARTICLES

4.1. Exposure Routes to nZVI particles
Exploring the ways of exposure to iron nanoparticles is very crucial to identify its toxicity and understand
how to protect human beings, animals, and the other living organisms along with the environment.
Possible Exposure to human is expressed as follows;
1.
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Dermal Exposure: Dermal exposure may happen most likely while production, transportation to the
site, application and decontamination of medium as a consequence of accidental contact via skin
with nZVI in forms of powder or slurry. İn relation to their extraordinary small size, nanoparticles
can pass into cells through membrane with the possibility of interfering with important cell
functions. A certain kind of nanoparticles may be transported through bloodstream and could be
accumulated in organs.
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Additionally, possibly oxidation of nZVI particles within the body will also lead to exposure to Fe2+
and iron oxide molecules [8].
2.

Ingestion: Digestion of iron nanoparticles may be as a result of consumption of contaminated
drinking water sources (groundwater, lakes, streams). But immobility, passivation of nZVI particles
makes this route less likely to happen. Iron nanoparticles are more like to become oxidized and
loose mobility before it reaches to human or get to the food chain [8].

3.

Inhalation: Inhalation is considered as the primary route of exposure to humans, and therefore the
presence of NMs in the air is regarded as a significant health hazard However inhalation exposure
may be kept at minimal if handled properly and manufactured in its slurry form. Inhalation of nZVI
particles is mostly like to happen during the manufacturing and therefore it shall not be a concern
for the general public health [18].

Exposure to environment; nZVI may pass to wild life and the other organisms through consumption of
contaminated water or food. Organisms in soil and groundwater are most likely to be at the highest risk of
exposure. However high rates of oxidation and lost mobility of nZVI particles will most likely limit the
exposure to higher organisms by limiting the amount of nZVI particles which reach the surface water. nZVI
could reach to surface waters as a result of remediation applications. In this case only, there are slightly
higher risk for the other organisms to exposure to iron nanoparticles through consumption and respiration.

4.2. Toxicity mechanism of nZVI
Among all other nanoparticles, iron nanoparticles have been thought to have minimal toxicological effect.
Considering iron as a 4th most frequently abundant mineral on the earths’ crush and necessary nutrient for
oxygen transport, electron transfer etc. for human beings and the other organisms it may be claimed that iron
is not hazardous at all. The potential toxicity of iron is based on its ability to catalyze the formation of
hydroxyl radicals (OH-) from superoxide (O2-) and hydrogen peroxide (H2O2).

Figure 4: Possible toxic mechanism and confrontation between nZVI and alive organism cell [19].

Figure 4 illustrates the possible toxic effect of nZVI particles to living organisms’ cells. At global level
scientists perceived that the oxidative stress/force prompted by reactive oxygen species is the massively
accepted mechanism which is responsible for nZVI toxicity of cell or complete organism. Reactive oxygen
species that are formed due to following equations (ROS), may generate extracellular or intracellular (as
shown in fig 4.) and extracellular ROS initiate the generation of intracellular ROS. These reactive oxygen
species are mainly responsible for cell destruction or death.
Fe! + O" + 2H# → () "# + H" O"
Fe! + H" O" → () "# + 2*" +"
"!

Fe

%#

+ H" O" → Fe

&

(5)
(6)
∗

+ +* + +* ,- ()

Fenton reactions
(#

+ *" +

(7)

Equations 5-7 represent fenton reactions which occur to create ROS. Another process that cause formation of
reactive oxygen species and cause toxicity to cells is called fenton-like reactions and equations related to this
process are given in equations numbers of 8-10.
() %# + *" +" → ()++*"# +*#

(8)
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Ions which are released from iron nanoparticles and the Fe2+/Fe3+ ionic forms on the surface of nZVI are
mainly responsible for ROS (*OH) production as a consequence of homogeneous and heterogeneous Fenton
responses respectively. *OH species are generated at low pH values (pH<4) in homogeneous catalytic
decomposition of H2O2 through surface iron. However, in heterogeneous catalytic decomposition, *OH
produced at neutral pH values [19]. Chen et al (2012) studied effect of Fe nanoparticles in ROS production
and so ROS effect on cell. They have found that Fe-NPs escalated ROS production and that promoted the
oxidative damage and toxicity of living cells [20].

4.3. Toxicological studies on nZVI
Keenan et al [21] clamied that nZVI is able to react with oygen and cause lung cells to die while Pisanic et al
noted limited growth and damage in cells of nerves when exposed to nZVI [22]. Toxicity studies primarily
carried out by in vitro experiments. In general, in vitro toxicity experiments were fundamentally done to
detect and measure biological activity of different kinds of microbial species during nZVI application. Many
researches have shown that nZVI has an adverse effect on viability, activity and cell integrity. Higher
concentrations of nZVI has not show any toxic impact on Kebsiella planticola (Gram -) or Klebsiella oxytoca
(Gram-), but may bring out toxic effect on Bacillus nealsonii (Gram +) [23]. nZVI could simply adhere to
microorganisms by one of its physicochemical belonging like, Brownian transaction, electrostatic fascination,
coulombic fascination, hydrogen bonds or even dipole–dipole collaborations [19, 24]. Recent developments
in surface modification of nano zero-valent iron (nZVI): Remediation, toxicity and environmental impacts.
After their attachment with microbes any physical, chemical or biological interaction of these could happen
between them. It was suggested that nZVI includes some negative impressions (cellular toxicity) on cell.
Some studies also showed the interdependent effects of nZVI and microorganisms on the contaminant
elimination in addition to the inspections centered on the toxic influences of nZVI on the microbial group
[19].
nZVI has potential effect on aquatic and terrestrial animals too. Frequently crustaceans (an aquatic animal),
has taken as a representation animal for toxicity tests of zero valent iron nanoparticles. Keller et al.
investigated the death rate of Daphnia magna by increasing concentration of nZVI from 0.5 ppm to 1.0 ppm
and found out that date rates increased proportional to nZVI concentrations [19]. Comparing to Daphnia
magna fishes are less responsive to Fe-NPs [25].
Investigations of toxic effect of nZVI on soil organisms are very poor but does exist up to limited numbers.
One study regarding this revealed that body mass loss and mortality issues were in a relation with 2 kinds of
earthworms (Eisenia fetida and Lumbricus) at higher dosage (≥500 mg/kg), while their breeding potential was
affected by lower amounts (100 mg/kg) [26]. Animals such as mice and rats were involved in-vivo
experiments to figure out lethality, spreading and exiling of iron NPs in living organisms. An in vivo test on
rodents showed that huge part of the orally ingested Fe2O3 nanoparticles may be discharged via crap and pee;
the retaining bioavailable Fe would accumulate in the liver, kidney, spleen, heart and bones [26].

5.

FATE AND TRANSPORT OF nZVI IN POROUS MEDIA

The fate and transport of zero valent iron nanoparticles in soil and groundwater has strong relation with the
physicochemical properties of the media. There is a conflict about over whether or not nZVI particles can be
effectively transported by groundwater or soil to impact a whole contaminated plume, and if mobility rises
too much then there will be a risk for particles moving offsite and becoming toxic [8]. Figure 5 İllustares
physicochemical properties of porous media that have strong impact on nanoparticles behavior in the
environment. For practical applications, stabilized nZVI should be mobile enough to be delivered into a
target; yet the delivered nanoparticles must be virtually immobile under typical natural groundwater flow
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conditions for once the external injection pressure is released, the nanoparticles must be remained within
confined domain [5].

Figure 5: Physicochemical Properties of Contaminated Site Effect Movement of Nanoparticles

The primary mechanisms of NP transport in porous media are shown in figure 6. Typically, the retention of
nanoparticles in porous media is connected to three mechanisms: 1) direct interaction of the nanoparticles
with the media (interception), 2) sedimentation by virtue of gravity force and 3) diffusion due to Brownian
motion. Under steady saturated flow conditions, the nanoparticles transport can be described by classic
convective dispersive transport quation with a term accounting for the first order deposition [30].

Figure 6: Primary mechanisms of nanoparticle transport in porous media [30].

6.

nZVI EFFECT ON THE MEDIA

Treatment of soil and groundwater with nanoscale zero-valent iron has been proven an effective method so
far. However, it has some adverse effect on the soil and groundwater it changes the media’s some
physicochemical properties such as pH, ORP (oxidation-reduction potential) and dissolved oxygen. There are
some studies which proves these effects to be true, but on the other hand, even though rare there are also
some studies results in no any significant effect at all.Elliott et al came to a conclusion that bimetallic
nZVI/Pd nanoparticles caused groundwater pH to increase from 5.1 to 7.7 in a short term during field
injection tests. This might be explained by the reaction of zero valent iron with water while being oxidized to
Fe2+. They also reported a reduction of the redox potential from +150 mV to +100/-350 mV (depends on the
piezometer locations) before recovery, indicating more reducing conditions. Moreover, nZVI particles are
known to decrease dissolved oxygen over a few days as a consequence of their rapid oxidation, causing to
formation of both maghemite and magnetite [5].
Wei et al. tested a 200 m2 pilot-scale field experiment by using nanoscale zero-valent iron for remediation of
groundwater contaminated with chlorinated organic compounds during six months [33]. Results show that
ORP decreased significantly from -100 mV to -400 mV at the central area of the testing site after nZVI

697

Zero-Valent Iron Nanoparticles in Soil and Groundwater Remediation; Applications, Toxicity, Fate and
Transport Mechanisms
Sultan Akarçay Demir, Ahmet Demir, Mehmet Sinan Bilgili
injection. Results of the study revealed a strong reducing condition was established at the beginning while
ORP values slowly increased during the course of the testing period. This data suggests that nZVI is an
effective means of achieving highly reducing conditions in the subsurface environment.
They have found that the impact of nZVI on groundwater pH is minor. Increase in pH was neglectable in all
monitoring wells where the groundwater pH was maintained under near neutral conditions, pH 6-7, except for
the injection well. At the injection well, the pH increased to 8.5 indicating that oxidation of nZVI took place
and caused the release of hydroxyl ions.

7.

CONLUSIONS

Over a thousand nanomaterial included products are available for a wide range of applications in public and private
sector. Also trends in environmental applications of nanomaterials specifically for remediations are increasing day by
day. This brand new technology seems to be a very promising approach. For the treatment of soil and groundwater, a
growing body of theoretical and empirical evidence has proven nZVI as both highly effective and adaptable. Growing
usage of nZVI is also enhanced by coming over obstacles such as mobility, passivation by adapting stabilization
techniques. However, the competiveness of nZVI against other in situ remediation methods such as chemical
oxidation is still widely debated. The wide spectrum of different nZVI physicochemical compositions available and
discrepancies in the literature with regard to the chosen experimental parameters had led to a confusing array of data.
So a universal framework is needed in order to contrasts nZVI materials with each other effectively.
The current studies about nZVI toxicity revealed that toxicity mainly caused by reactive oxygen species in
presence of nZVI particles. Iron itself is not count as toxic as it is already among the most abundant elements
of earth crust. It is their extremely small scale that let them pass through cell membrane and triggers ROS
production and end up damage of cell components and cell death. Even though, in vivo and in vitro
experiments proved that zero valent iron nanoparticles are toxic to living organisms when exposure directly,
in practical life these particles tend to get immobilized in soil and groundwater and turn into iron minerals
after a certain period and then finally get involved with the soil matrix. So to sum up, iron nanoparticles are
less likely to get involved with food chain and reach out higher organisms.
Environmental applications of iron nanoparticles have some effects on media’s geochemical properties.
Recent studies suggest that the most impact occur at pH and ORP of groundwater while there are some
studies claim that nZVI doesn’t have any remarkable effect on pH. Mainly studies proposed that nZVI
particles decreased pH and ORP values. So far, studies mainly focused on remediation of soil and
groundwater and its removal efficiencies. Toxicity tests were also dominantly tested under certain laboratory
conditions and on certain micro or macro organisms. However, there are limited number of studies on effect
of zero valent iron nanoparticles on soil and groundwater after use. More in situ experiments are needed to be
done and more data should be collected in order to clarify nZVI effect on the environment after remediation
process ends.
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Assessment of water quality for irrigation
purposes: A case study of King Talal
Reservoir
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Abstract
This study aims to assess water quality of King Talal Reservoir (KTR) for irrigation purposes (diluted
wastewater with runoff water). Physicochemical properties of irrigation water were measured at monthly
bases from 2015-2021 and the quality was assessed by the electrical conductivity (EC), sodium
adsorption ratio (SAR), permeability index (PI), residual sodium carbonates (RSC), and metal contents.
In addition, the USSL and Doneen diagrams were used to assess the suitability of water for irrigation.
Average values of EC was 1.89 dS m-1, SAR (5.15), Na (230.4), Ca (90.6), Mg (33.5), Cl (309.6), SO4
(216.2), and HCO3 (271.7) mg L-1. Water of KTR is classified as C3 (high salinity), S1-S2 low to medium
(sodicity) according to the USSL diagram, low alkalinity (RSC < 1.25) hazard., and have no restriction
on permeability (Doneen). Metal levels (Cu, Fe, Zn, Mn, Ni, Cd, Cr, Pb, and Co) were safe and below the
maximum permissible limit suggested FAO and the Jordanian (FAO) guidelines indicating safe use of
irrigation water. The study suggests that adequate practices and protection measures are needed to
minimize the detrimental effects of long term irrigation with such water on agricultural lands. In addition,
based on anticipated yield reductions and best agro-economic returns, medium tolerant crops for salinity
are recommended to be used.
Keywords: Water quality, Irrigation, King Talal Dam.

1. INTRODUCTION
Jordan is one of the most water scarce countries in the world. More than 90% of Jordan's area receives <200
mm and more than 70% receives <100 mm of annual rainfall. Having an arid climate, this country had been
1

Corresponding author: Jordan University of Science & Technology, Faculty of Agriculture, Department of Natural
Resources & The Environment, Irbid 22110, Jordan, mamoun@just.edu.jo

2

Jordan University of Science & Technology, Faculty of Agriculture, Department of Natural Resources & The
Environment, Irbid 22110, Jordan

3

Jordan University of Science & Technology, Faculty of Agriculture, Department of Natural Resources & The
Environment, Irbid 22110, Jordan. Department of Plant Production, Faculty of Agriculture Mutah University, P. O. Pox
(7), Karak 61710, Jordan

4

Jordan University of Science & Technology, Faculty of Agriculture, Department of Natural Resources & The
Environment, Irbid 22110, Jordan

701

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
suffering from chronic water shortages and widening gap between demands and availability of fresh water
since the early 1980s [1]. The renewable water resources per capita for Jordan had declined from about 400
m3 in early 1970s to <100 m3 per year in 2018 (global threshold of absolute water scarcity is 500 m3) [2] [3].
Due to higher demand, over abstraction, and climate change effects; water resources and water balance are
being under tremendous pressure and declined quality. The total estimated water demand in 2018 (for
industry, agriculture, and municipal use) was 1,412 million cubic meter (MCM) while sustainable supply
averaged 875MCM. The main consumer of water is agriculture (52% in 2017). Such shortages of fresh water
forced this country to look for alternative non-conventional water resources (e.g. wastewater). The total
volume of wastewater generated in Jordan amounted to 174 MCM, out of which 117 MCM is treated in the
largest treatment facility (As-Samra wastewater treatment plant- As-Samra WWTP). The As-Samra WWTP
has been in operation since 2008, and was initially designed to treat municipal wastewater of 2.3 million
equivalent inhabitants of the Amman, Zarqa, and Hashimiya areas, with a daily capacity of 267,000 m3. In
order to cope with the increase in wastewater volumes, As-Samra WWTP was expanded to reach a daily
capacity of 360,000 m3 in 2015 to meet waste produced from 3.5 million inhabitants, a further upgrade, by 35
MCM is needed to handle future increased influent [4] [5]. As-Samra WWTP consists of a primary settling
tank, eight aeration tanks, eight secondary settling tanks, four anaerobic sludge digesters, biogas and hydropowered generators, and an odor control system. As-Samra facility has an advanced treatment system that
integrates biogas utilization and hydraulic turbines as sustainable techniques for energy recovery. About 80%
of electricity needs is generated through the combination of hydraulic turbines and gas turbines powered by
digestion biogas, while the remaining (20%) comes from the national grid [6].
The treated wastewater from As-Samra is collected in King Talal Dam (KTD). The main purpose of KTD is
irrigating the central Jordan Valley. Water of KTD consists of a mix from As-Samra TWW and storm runoff
water from surrounding watersheds. This water is released into Zarqa River’s by natural flow traveling 23 km
to reach the Jordan Valley.
Diluted irrigation water contains beneficial nutrients essential for crop growth (e.g. nitrogen and phosphorus)
and dissolved organic matter, in addition it reduce the use of chemical fertilizers, therefore is has many
agronomic and economic benefits [7] [8]. However, long term use of this type of water may contain,
compared to fresh water, higher concentrations of sodium and other soluble salts (salinity and sodicity) and
may also contain harmful metals that could pose threats to the quality of soils and crops [8] [9]. Increased
salinity adversely affects yield quality while increased sodicity may cause deleterious effect on soil quality.
Studying the chemical aspects and the quality of irrigation water is critical issue that influences human health,
socio-economic and sustainable development [7]. Therefore, the major aim of this study is to assess water
quality of KTD for irrigation purposes using several indices and diagrams.

2. METHODOLOGY
2.1. Sample Collection and Chemical Analysis
Water quality parameters were determined for KTD at the water quality department laboratories at Ministry
of Water, Jordan. Monthly readings were recorded for each year from 2015-2021.
The following parameters were studied: pH, electrical conductivity (EC), sodium (Na+), potassium (K+),
calcium (Ca2+), magnesium (Mg2+), chloride (Cl-), sulphate (SO4-2), nitrate (NO3-N), PO4-P, NH4-N,
bicarbonates (HCO3-), and carbonates (CO3-2). Sodium adsorption ratio (SAR), permeability index (PI), and
residual sodium carbonates (RSC) were calculated and used to assess the quality of irrigation water. Analyses
were performed in the laboratory according to standard methods for the examination of water and wastewater
suggested by the American Public Health Association [10]. AquaChem 2014.2 (WaterLoo Hyrogeolgic)
program was used to draw multiple cations, piper, and USSL salinity diagrams.

2.2. Suitability of Water for Irrigation
The suitability of water for irrigation depends upon its mineral composition. Water quality is classified
according to total salt concentration (EC), relative proportion of sodium to calcium and magnesium expressed
by the SAR, bicarbonate hazard (HCO3-) expressed by the residual sodium carbonates (RSC) [11].
permeability index (PI) [12] parameters were calculated using the following equations:
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Where all cations are in milliequivalents per liter (meq L-1).
The US Salinity Laboratory (USSL) diagram was also used to assess the suitability of water for irrigation
based on SAR and electrical conductivity [13], while [11] used the residual sodium carbonates (RSC) to
determine its suitability for irrigation purposes. Doneen proposed another diagram [12] where the PI is
plotted against total ions (meq L-1) contents of water. The PI diagram evaluates the suitability or the quality of
GW for irrigation and its long term use effect on soil hydraulic properties (permeability). Three classes were
suggested; class I indicates acceptable or best for irrigation waters with low PI values (PI > 75% of maximum
permeability), class II indicates good waters with PI values (25-75% of maximum permeability), and class III
indicates unacceptable water (PI < 25% of maximum permeability) and may not be used for irrigation.

3. RESULTS AND DISCUSSION
3.1. Chemical Characterization of Studied Water Samples
Summary statistics of all water samples are shown in Table 1. EC values ranged from 1.34 to 2.21 with a
mean value of 1.87 dS m-1. The pH ranged from 7.52 to 8.92 with a mean value of 8.4. Furthermore, chemical
analysis shows that Na and Cl are the major ions in KTD water. The relative abundance of the ions (average
equivalent) is Na+ > Cl- > Ca2+ > SO42- > HCO3- > Mg2+ (Figure 1).
Both Mg2+ and SO42- had the highest coefficient of variation (45 and 27%), respectively. Average values for
studied parameters were: EC (1.87 dS m-1), pH (8.4), Ca2+ (90.6 mg L-1), Na+ (230.4 mg L-1), Ca2+ (90.6 mg
L-1), Mg2+ (39.5 mg L-1), K+ (29.4 mg L-1), Cl- (309.6 mg L-1), SO42- (216.2 mg L-1), and HCO3- (271.7 mg L1
). In addition, NO3-N (10.1 mg L-1), PO4-P (1.96 mg L-1), and SAR (5.1). Mg2+, SO42-, and HCO3- had the
highest skewness, while Cl-, Na+, and Ca2+ had the lowest ones (ions with low concentration were excluded
from comparison). For calculated indices; SAR and PI had lower skew values that RSC. Table 1 also show
that EC, pH had the lowest variation in all tested samples.
Table 1. Descriptive statistics for studied parameters
Parameter
EC
pH
PO4-P
NO3-N
NH4-N
Cl
SO4
HCO3
CO3
Na
K
Ca
Mg
SAR
T.H.
PI
RSC

Avg.
1.87
8.40
1.96
10.16
0.43
309.56
216.22
271.74
5.93
230.44
29.39
90.60
39.54
5.15
388.90
68.48
-3.21

Cu
Zn
Ni
Cd
Cr
Pb

<0.008
<0.017
<0.01
<0.01
<0.008
<0.09
<0.005

Co

Sd
0.19
0.24
0.85
3.14
0.55
43.34
57.70
40.25
7.23
33.57
6.11
11.60
17.77
0.90
76.77
6.17
1.74
MRC
0.2
2.0
0.2
0.01
0.1
5.0

CV
0.10
0.03
0.43
0.31
1.27
0.14
0.27
0.15
1.22
0.15
0.21
0.13
0.45
0.17
0.20
0.09
-0.54

Min
1.43
7.52
0.03
1.27
0.03
225.34
110.98
136.66
0.00
147.80
12.73
60.00
10.58
3.14
261.33
51.50
-9.61

Max
2.21
8.92
4.20
28.01
4.31
412.05
489.64
378.25
39.61
297.00
44.00
120.60
125.13
7.17
730.27
79.02
-0.77

Q1
1.72
8.32
1.46
8.59
0.14
273.56
177.32
262.88
2.16
209.20
25.60
82.90
26.99
4.54
326.63
64.38
-3.99

Q2
1.88
8.46
2.04
10.24
0.28
316.76
208.94
277.30
3.96
230.00
29.90
91.70
37.85
5.07
393.32
68.24
-2.83

Q3
2.05
8.56
2.49
11.65
0.50
347.67
238.11
297.17
7.20
250.00
33.00
98.00
48.05
5.71
437.12
73.32
-2.09

Skew
-0.27
-1.19
-0.22
1.54
4.72
-0.17
1.49
-1.31
3.25
-0.06
-0.03
-0.24
1.84
0.32
1.42
-0.26
-1.76

0.05
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Figure 1. Box and whisker plot of major ions of all samples (meq L-1)

3.2. Evaluation of Water Quality for Irrigation
Two major parameters are used for assessing the quality of irrigation water; salinity (expressed by either the
electrical conductivity (EC) or total dissolved salts (TDS) and the sodium levels (expressed by the sodium
adsorption ratio- SAR).
Several irrigation water classifications had been suggested. For example, the USSL diagram classifies
irrigation waters according to the EC and the SAR [13]. Irrigation water with EC=< 250 μmho cm-1 (dS m-1 =
0.001* μmho cm-1) is classified as low (C1) (very good), medium (C2) (EC 250-750 μmho cm-1) (good), high
(C3) (EC 750-2250 μmho cm-1) (marginal), and very high (C4) (EC > 2250 μmho cm-1) (poor), while for the
SAR; water is classified as low (S1) (SAR 0-10), medium (S2) (SAR 10-18), high (S3) (SAR 18-26), and
very high (S4) (SAR >26). In general, water with TDS < 480 mg L-1 (EC <750 μmhos cm-1) is satisfactory for
irrigation, while waters having a range of TDS between 480-1450 mg L-1 (750 to 2,250 μmhos cm-1) are
widely used with satisfactory crop growth is obtained under good management and favorable drainage
conditions.
Water form KTD is has an average EC of 1.9 μmhos cm-1, with ranging values between 1.3 to 2.2 μmhos cm, and average SAR of 5.1 with ranging values between 3.1 to 7.2. Therefore, according to the USSL diagram
(Figure 2) all water samples are classified as high salinity C3 salinity type and low to medium sodicity hazard
(SAR S1-S3) type. Specific cautions are required for using this type of irrigation water, and slight to
moderate crop tolerance to salinity is advised. For biological parameters, and according to WHO guidelines,
fecal coliform should not exceed 1000 MPN/100 ml (most probable number in 100 ml) in treated wastewater
which is to be reused in unrestricted irrigation this water should not be used to irrigate crops yielding food
that is normally eaten uncooked [14]. Furthermore, due to self-purification in the KTD, fecal coliform in the
reservoir itself generally decreases to values less than 1000 MPN/100 ml [15]. It is recommended to irrigate
soils with adequate drainage where continuous irrigation may lead to salinity problems, in addition, sensitive
crops to salinity may suffer from related stress (decreased available water and nutrient imbalances). A proper
management is needed (e.g. apply extra amounts of water to leach out salts and prevent their buildup in soil
(leaching fraction). Therefore, special management for salinity control is required and selection of plants
(crops) with good salinity tolerance is recommended [16].

1

Another diagram was proposed Doneen [12] where the permeability index (PI) is plotted against total ions
(meq L-1) in irrigation water. The PI diagram evaluates the suitability or the quality of GW for irrigation and
its long term use effect on soil hydraulic properties (permeability). Three classes were suggested; class I
indicates acceptable or best for irrigation waters with low PI values (PI > 75% of maximum permeability),
class II indicates good waters with PI values (25-75% of maximum permeability), and class III indicates
unacceptable water (PI < 25% of maximum permeability) and may not be used for irrigation. According to
Doneen diagram, all investigated samples fall in “Class I” indicating no restriction in permeability and
therefore are classified as excellent or acceptable for irrigation (Figure 3). PI values ranged from 52% to 79%
with an average values of 68%. In addition, chloride averaged 8.7 meq L-1 with ranging values from 6.3 to
11.6 indicating slight to moderate restriction (4-10 meq L-1 Cl) for surface irrigation [17].
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Figure 2. USSL classification for irrigation water based on SAR and EC

Figure 3. Doneen classification of irrigation water based on the permeability index

Table 1 shows that metal levels (Cu, Zn, Ni, Cd, Cr, Pb, and Co) were below the recommended maximum
concentration of metals in irrigation water [17]. Several researchers [18] [15] reported that metal
concentrations (e.g. Cu, Zn, Cd, Cr, Fe, Hg, Pb, Mo and Mn) in KTD water were below the recommended
maximum concentrations in irrigation water suggested by FAO [17].
Both total dissolved salts (TDS) and SAR of all samples were monitored throughout the assessment period
(2015-2021). Figure 4 and 5 show that TDS values varied around an average value of 1200 mg L-1 (1.87 dS
m-1), with minimum of 900 (1.4 dS m-1) and maximum of 1400 mg L-1 (2.1 dS m-1). Variation of TDS values
may be attributed to dilution from mixing with runoff water during the months of winter. Similar trend was
observed for SAR (Figure 5) with slight variation during 2016-2017, and may also be attributed to variation
of rainfall during these years and to some attributed dissolution of calcium minerals during the runoff process.
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Figure 4. Variation in EC and SAR of KTD during 2015-2021

Figure 5. Variation in EC and SAR of KTD during 2015-2021

4. CONCLUSIONS
Water of KTD is characterised by metal contents well below the maximum permissible limits, relatively high
salinity (C3), and low to medium (S1-S2) sodicity hazard with no restriction on permeability. This water
should not be used to irrigate crops that is normally eaten uncooked. Long term irrigation with this water may
lead to increase salinity in irrgated soils, therefore propper management practices such as using extra leaching
water and selection of crops with medium tolerance to salinity. Furthermore, continuous monitoring of water
quality of water is required for maintenance of sutainable agricultre.
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An Experimental Study for Heavy Metals
Removal Using Bioremediation Technique for
Selected Plant Species
Athar Hussain 1, Abdul Gani 2, Avneesh Kumar 3
Abstract
Due to the increase in urbanization and industrialization heavy metal pollution of soil and water is a serious
threat to the entire globe. Industrial and municipal wastes generate a lot of particulate emissions and waste
slag enriched in heavy metals that contaminate the surrounding soil, water along with air. Such effects are
severe and pretence a severe nature and human health danger when smelting works are located in the
surrounding area of urban environments. Phytoremediation is an economical technique generally used to
remove, transfer, stabilize, and/or destroy contaminants in the soil and groundwater by using plants that
reduces the separation of the contaminant and bioavailability from the bulk soil. Several plants have the
inherent capacity to absorb and hyperaccumulating heavy metals in their tissues. The present study has
been carried out to assess the heavy metal remediation potential and bioconcentration factor using four
plants species sunflower (Helianthus Annuus), red cabbage (Brassica Oleracea), Indian mustard (Brassica
Juncea) and Prosopis Cinareria in the campus of Gautam Buddha University, Greater Noida, Uttar
Pradesh, India. The methodology adopted in the present study includes laboratory scale phytoremediation
setup, selection of plant species, preparation of chemical reagents, analysis of physical and chemical
properties of soil. The concentration of four heavy metals namely As, Cu, Pb and Cr, in plants and soil
samples were analysed using the acid digestion method by APHA, 2005. The results obtained in the present
study indicate that the bioconcentration factor for arsenic has a minimum value of 0.083 for red cabbage
and a maximum value of 0.834 for red cabbage. Similarly, copper possesses a minimum bioconcentration
factor value of 0.005 for red cabbage and a maximum bioconcentration factor value of 0.945 for red
cabbage. Similarly, for lead, the minimum bioconcentration factor value of 0.012 has been observed for
sunflower plants and a maximum bioconcentration factor value of 0.937 for red cabbage respectively. The
present study will be helpful in the remediation of heavy metals contaminated sites economically as well as
environmentally.
Keywords: Bioconcentration Factor, Heavy Metals, Phytoremediation, Wastewater.
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1. INTRODUCTION
In the urban and dense cities of India, the unacceptable direct disposal of industrial and municipal waste to the
land, generated in significant amounts, contributes to soil contamination. The undeveloped runoff waters, acidic
precipitates, radioactive clash; pesticides, fertilizers, herbicides, slurry, debris, and manure used in agricultural
practices are some of the undeviating addition of man-made chemicals to the soil. The degree of
industrialization, brisk industrialization of agriculture, intensities of chemical treatment, need to generate cheap
forms of energy are continuously destroying the natural ecosystem by discharging man-made chemicals at a
constant rate.
The biodegradation of organic contaminants found in the soil is inhibited by the heavy toxic metals present in
the contaminated soil, as it causes morphological and physiological changes as well as affects microbial
reproduction (Wuana and Okieimen 2011). The size, activity and composition of the microbial community
residing in the soil biota get changed due to heavy metals. The heavy metals are up taken by plants via roots
and get accumulated in the food chain and pose health risks to animals and human beings (Gill and Lanza n.d.).
The solubility and mobility of the complexes formed by the heavy metals in the soil, make them reach
groundwater. It is imperative to deal with these toxic heavy metals in the environment to minimize the impact
and direct danger they impose on life on the earth.
Capping, electrokinetic remediation, incineration technologies, in-situ grouting, in-situ vitrification, soil
washing, sorting methods, stabilization/solidification, thermal desorption and vapor stripping are the physical
treatment techniques for soil remediation. Remediation using actinide chelators, chemical immobilization,
critical fluid extraction, oxidation, in-situ catalyzed peroxide remediation and phytoremediation with uranium
recovery is the chemical remediation techniques for the contaminated soil (Das 2014). Most of the conventional
physio-chemical remediation technologies are usually labor intensive, expensive and soil disturbing. In terms
of soil contamination, traditional physical and chemical technologies failed to comply with the increase in
challenges to soil quality and even cause secondary pollution. These techniques, in the process of
decontamination, inhibit the growth of fauna and soil microbes. Phytoremediation, a bioremediation process,
has gained much importance as an emergent and aesthetically pleasing technology.
Phytoremediation is a remediation technique to remove, transfer, stabilize, and/or destroy contaminants in the
soil and groundwater by using plants and employing associated soil microbiota. It is a technique that reduces
the separation of the contaminant and bioavailability from the bulk soil (Singh 2020). Several plants have the
inherent capacity to absorb and hyper-accumulate heavy metals in their tissues. This remedial technique can be
applied to both inorganic and organic pollutants (Bauddh, Singh, and Korstad 2017). It is a practical approach
for decontamination and sustainable management of soil. A wide range of contaminants including heavy toxic
metals, radionuclides and organic compounds like polycyclic aromatic hydrocarbons, chlorinated solvents,
explosives, pesticides/insecticides, and surfactants can be dealt with phytoremediation (Oh et al. 2014).
Cogeneration of energy and/or biofuel production are some of the purposes for which produced biomass can
be utilized. Some metals are essential for plant growth, however, extremely high or low concentrations of some
of these heavy metals may be inhibitory to plant growth. Microclimate improvement, carbon storage and
sequestration; runoff mitigation, as well as air purification are some of the additional benefits provided by the
plant species used in phytoremediation (Bozen-bolzano et al. 2017). Phytoextraction, phytotransformation,
phytostimulation, phytostabilization, phytovolatilization and rhizo-filtration are the broad categories into which
phytoremediation is classified.
The crucial step under phytoremediation is the selection of appropriate plants. Based on the ability to uptake,
tolerate and accumulate contaminants; ability to survive the wild and harsh conditions; growth rate; depth of
roots zones; biomass and potential of transpiration of groundwater, the plant species are selected (Oh et al.
2014). The plant species which can trap in shoots or can uptake and sequester the high concentrations of heavy
metals without getting affected by the toxicity are the hyperaccumulator plants. Studies show that, high
diversity of fungi and bacteria are found in the endosphere and rhizosphere of the hyperaccumulator plants. At
present, for As Zn, Ni Mn, Cd, etc., more than 400 species of hyperaccumulator plants have been found. For
instance, some hyperaccumulator plants and their accumulation concentration (mg/kg dw) for various metals
are: Ipomea alpine, 12300 for Cu; Thlaspicaerulescens, 51600 for Zn and 18000 for Cd; Thlaspirotundifolium,
8200 for Pb; Psychotriadouarrei, 47500 for Ni; Pteris vitatta, 20,000 for As and Astragalus racemosus, 14900
for Se (Oh et al. 2014). Ryegrass, Indian mustards, hybrid poplars, duckweed, willow, corn, and alfalfa are very
popularly used in recent studies on phytoremediation (Oh et al. 2014).
In the present study, the objective was to assess the heavy metal remediation potential and bioconcentration
factor using four plants species sunflower (Helianthus Annuus), red cabbage (Brassica Oleracea), Indian
mustard (Brassica Juncea) and Prosopis Cinareria in the campus of Gautam Buddha University, Greater Noida,
Uttar Pradesh, India.
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2. MATERIALS AND METHODS
The present study is carried out on the campus of Gautam Buddha University, Greater Noida, Uttar Pradesh,
India. The soil samples were collected from four locations namely Ghaziabad (SOG) (28.672474oN,
77.454755oE), Surajpur Industrial Area (SOS) (28.517848oN, 77.485707oE), Hindon River (SOHR)
(28.513255oN, 77.433075oE) and Kasna village (SOH) (28.437071oN, 77.538742oE). The methodology
adopted in the present study includes laboratory scale phytoremediation setup, selection of plant species,
preparation of chemical reagents, analysis of physical and chemical properties of soil, and other analytical and
determination procedures. The lab scale setup of various plants is shown in figure 1.

Figure 1: Lab-scale study setup used for the present study

The selected plant species include Sunflower (Helianthus Annuus), Red Cabbage (Brassica Oleracea), Indian
Mustard (Brassica Juncea) and Prosopis Cineraria. The soil was dug out from the surface layer to 5 to 6 inches
deep into the earth’s surface at sampling sites. About 2.5 kg of sampled soil was taken in pot and seeds of
selected plant species were sown. About 500 ml of distilled water was used to irrigate each pot on regular basis.
The soil samples were analysed before and after phytoremediation at 0 (before phytoremediation experiments),
15, 30, 45 and 60 days respectively. The concentration of four heavy metals namely, arsenic (As), copper (Cu),
lead (Pb) and chromium (Cr), in plants and soil samples were analysed using the acid digestion method by
APHA 2005. The bioconcentration factor (BCF) is calculated by using equation 1 (Anning and Akoto 2018).
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3. RESULTS AND DISCUSSION:

The contaminated soil collected from the selected sampling sites was analysed for the cation exchange capacity
(CEC), their corresponding pH and initial concentrations of heavy metals are shown in table 1. As shown in
figure 2, the cation exchange capacity was observed to be 5.74, 5.72, 5.65 and 5.18 in the soil samples collected
from Hindon river, Ghaziabad, Surajpur and Honda regions respectively and the same is summarized in table1.
The highest pH value of 7.08 has been found in the soil sample collected from the Honda region which has the
lowest cation exchange capacity. In contrast, the lowest pH value of 6.23 has been observed in the soil sample
collected from the Surajpur region with moderate cation exchange capacity. Lead the highest initial
concentration among the various heavy metals in the soil samples collected from the Honda, Surajpur,
Ghaziabad and Hindon river and has a value of 0.890 mg/kg, 0.679 mg/kg, 0.783 mg/kg and 0.903 mg/kg
respectively, while arsenic has the lowest initial concentration among the various heavy metals in the soil
samples collected from the Honda, Surajpur, Ghaziabad and Hindon river sampling locations and has a value
of 0.098 mg/kg, 0.231 mg/kg, 0.163 mg/kg and 0.154 mg/kg respectively. Results reveal that the higher the
lead concentration in the soil higher will be the pH is higher for the soil sample, the lesser the arsenic, copper
and chromium concentration in the soil sample higher will be the pH in the soil.
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Table 1: Cation Exchange Capacity, pH and initial heavy metal concentration at different sampling locations

Soil sample

CEC
(meq/100g)

pH

Honda
Surajpur
Ghaziabad
Hindon River

5.18
5.65
5.72
5.74

7.08
6.23
6.54
6.39

Initial Concentration
As (mg/kg)

Cu (mg/kg)

Pb (mg/kg)

Cr (mg/kg)

0.098
0.231
0.163
0.154

0.312
0.342
0.453
0.678

0.890
0.679
0.783
0.903

0.231
0.432
0.677
0.834

CEC (meq/100g)

pH

Cation Exchange Capacity and pH

8
7
6
5
4
3
2
1
0

Honda Region

Surajpur Region

Ghaziabad Region

Hindon River Region

Figure 2: Cation Exchange Capacity and pH values in soil samples taken from various locations

Figure 3 shows the initial concentrations of various heavy metals namely arsenic, copper, lead and chromium
at various sampling locations. Out of the four locations, the samples taken from Honda has a minimum
concentration of 0.098 mg/kg, 0.312 mg/kg and 0.231 mg/kg of arsenic, copper and chromium respectively.
Also, samples from Surajpuir site location has a maximum and minimum arsenic concentration of 0.231 mg/kg
and minimum lead concentration of 0.679 mg/kg. However, the samples from Hindon river contains maximum
copper, lead and chromium concentrations of 0.678 mg/kg, 0.903 mg/kg and 0.834 mg/kg, respectively. It can
be observed that from figure 3, that Honda and Hindon river locations are more susceptible to heavy metals.
Therefore, in present study the analysed results of the samples taken from Honda location has been depicted
through Fig.4 (a-d) and also considered for further discussion.
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1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0

Honda Region
Arsenic

Surajpur Region
Copper

Ghaziabad Region
Lead

Hindon River Region

Chromium

Figure 3: Initial concentration of different heavy metals at various locations in the study area

From figure 4(a-d), it is observed that for Arsenic, the Sunflower has the fast-hyperaccumulator among all the
four plants at 60 days, while at 30 and 45 days, Cineraria is the fast-hyperaccumulator among all the selected
species of plants. For lead, at 45 and 60 days, Cineraria is the fast hyperaccumulator among all the selected
species of plants and at 30 days, Indian Mustard is the fast hyperaccumulator among all the selected species of
plants. For copper, at 30,45, and 60 days, Cineraria is the fast hyperaccumulator among all the selected species
of plants. While for Chromium, at 30 days, Indian Mustard is the fast hyperaccumulator among all the selected
species of plants, at 45 days, Sunflower is the fast hyperaccumulator and at 60 days, Indian Mustard is the fast
hyperaccumulator.

712

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

Arsenic

0,1
0,08
0,06
0,04
0,02
0

0

0,3
0,25
0,2
0,15
0,1
0,05

Concentration (mg/kg)

0,8
0,6
0,4
0,2
20

40

20
40
60
Time (in days)
Sunflower
Red Cabbage
Indian Mustard

1

0

0

Cineraria

Lead
Concentration (mg/kg)

0

20
40
60
80
Time (in days)
Sunflower
Red cabbage
Indian Mustard

0

Copper

0,35
Concentration (mg/kg)

Concentration (mg/kg)

0,12

60

80

Time (in days)

80

Cineraria

Chromium

0,25
0,2
0,15
0,1
0,05
0

0

20
40
Time (in days)

60

Sunflower

Red Cabbage

Sunflower

Red Cabbage

Indian Mustard

Cineraria

Indian Mustard

Cineraria

80

Figure 4(a-d): Variation of concentrations of different heavy metals in soil with respect to time at Honda locations
(a) – Arsenic, (b) – Copper, (c) – Lead, (d) – Chromium

Table 2 shows the bioconcentration factor for various plant species at the Honda location using equation (1).
From table 2, it can be observed that, the Sunflower is the fast hyperaccumulator among all the four plants at
the Honda location. The rest of the three selected plant species can be grouped as average hyperaccumulators
as per their performance in remediating contaminated soil in the context of heavy metals. The heavy metals are
up taken by plants via roots to the shoots, available above ground. The accumulation of heavy metals in plant
roots in the initial days was due to the phenomena of rhizo-degradation. The remediation process was slow in
the initial days, which can be seen from the graphs for the initial 45 days. After completing 45 days, the
remediation process gained acceleration, and the toxic concentration in the contaminated soil decreased very
rapidly. The heavy metals got accumulated in the shoots. This is caused by the phenomenon of
phytoaccumulation. The extent of metal accumulation efficiency is termed a bio-concentration factor. It is the
indication of metal accumulation in plant biomass.
Table 2: Bioconcentration factor of various plant species with respect to heavy metals for Honda sampling location

Heavy Metals
Sunflower
As
Cu
Pb
Cr

Sunflower

Red cabbage

Indian Mustard

Cineraria

0.238
0.086
0.076
0.567

0.834
0.496
0.484
0.176

0.5
0.519
0.443
0.5

0.333
0.093
0.282
0.421
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4. CONCLUSION
From the present study it can be concluded that phytoremediation technique is suitable at sites or soils
contaminated with heavy metals. It can also be inferred that the Sunflower plant is the fast hyperaccumulator
among all the four plants at the Honda location of the present study area. Also, the samples taken from Honda
location sampling site has a concentration of 0.098 mg/kg, 0.312 mg/kg and 0.231 mg/kg of arsenic, copper
and chromium respectively. Phytoremediation of contaminated sites supports the goal of sustainable
development by helping to conserve soil as a resource, bring the soil back into beneficial use, prevent the spread
of pollution to air and water, and reduce the pressure for development on green or agricultural field sites. Further
promotion of the practical application of phytoremediation to the removal of contaminated soil needs to
establish more effective ways for profitable phytoremediation systems.
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Removal of Lead Using Electrocoagulation
Supatorn Kobjaroenkun1*, Sandhya Babel1, Korakot Sombatmankhon2
Abstract
The toxicity of heavy metals has been noticed for a long-time including lead. Lead (Pb) is used in
various application including industrial, agricultural and domestic applications. This study employed
electrocoagulation process to remove Lead in the simulated water. Plackett-Burman design was used to
design experiments to find the significant factors for Pb removal efficiency. The experiments were
operated by varying 7 variables (electric current, pH value, distance between each electrode, electrolyte
concentration, Pb concentration, time and stirring speed) and split them into two level (high and low).
Experiments were conducted in batch mode. Iron (Fe) was used as electrodes and the dimension was 50
x 100 x 1.5 mm. The used electrodes were collected, and the weight was measured before and after
experiment. Results of the study show that the electrocoagulation process can be used to remove Lead
from simulated water and the highest efficiency is 89.7% from run order 10 while the lowest efficiency is
35.55% from run order 12. Furthermore, the most important factors identified affecting the removal
efficiency is the applied current. Pb concentration and time were found to be the secondary important
factors affecting the removal.
Keywords: Lead; Electrocoagulation; Plackett-Burman design; Iron electrode; Electric current; Minitab.

716

1

Sirindhorn International Institute of Technology, Thammasat University, Pathum Thani, Thailand
supatorn.kob@gmail.com and sandhya@siit.tu.ac.th

2

National Science and Technology Development Agency, Pathum Thani, Thailand korakot.som@entec.or.th

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

1. INTRODUCTION
Heavy metals are the elements occurring naturally and have higher density compared to water. Also, some of
them are known as toxic heavy metals (THMs) due to their toxicity causing adverse effect on human health.
The examples of toxic heavy metals are arsenic, cadmium, chromium, lead, and mercury. The sources of
toxic heavy metals can be geogenic, industrial, agricultural, pharmaceutical, domestic effluents, and
atmospheric sources. In recent years, there is an information that showed an increase of exposure to heavy
metals resulting in there are limiting concentrations of heavy metal stated in many countries. Lead is used in
various applications, therefore, there is a lot of human exposure to Lead through the environment by
inhalation or contaminated food consumption. Moreover, the limit of lead concentration in drinking water is
0.05 ppm from USEPA[1]. There are many techniques that are used to remove lead such as adsorption,
precipitation and electrocoagulation. Nowadays, electrocoagulation is potentially reported as one of the most
effective techniques for heavy metal treatment and it is safe and environmentally compatible. The mechanism
of electrocoagulation is sacrificing of anode metal to get the pollutant precipitated. However, the important
disadvantage of this technique is the electrodes that is precipitated with pollutant need to be replaced[2].
The way to improve the removal efficiency is to know the important factors affecting to the efficiency.
Therefore, Plackett-Burman is the useful screening tool for identifying the significant factors among a large
number of variables. It can reduce the number of experiments and save operating time[3]. This study is
conducted to remove lead by using electrocoagulation method. Pb-spiked in deionized water is studied in
batch system to identify the important factors for the removal efficiency. Plackett-Burman design is used to
design the condition of each run order and identify the significant factors of Pb removal efficiency through
Minitab. Also, the Pb concentration is analyzed by Inductively coupled plasma or ICP.

2. MATERIALS AND METHOD
2.1. Materials
2.1.1. Chemicals
Lead (II) nitrate (Pb(NO3)2), NaCl, HCl and NaOH lab grade was used in this research. Deionized water was
used to produce the simulated water.

2.1.2. Equipment
Iron (Fe) was used as electrodes. Magnetic stirrer, acrylic base for electrode and plastic beaker were used to
run experiments. Power supply was used to provide electricity.

2.2. Electrocoagulation
2.2.1. Minitab
This study used Plakett-Burman design to find important factors for Pb removal efficiency from 7 variables
with 12 run orders by Minitab. There are 7 variables which are Electric current, pH value, distance between
each electrode, electrolyte concentration, time, Pb(NO3)2 concentration and stirring speed with high and low
levels for each variable as shown in Table 1. Table 2 illustrates Plackett-Burman design of each variable that
was applied in this experiment and removal efficiency of Pb(NO3)2.
Table 1. Variables and levels tested in Plackett-Burman design

Variables
Electric current (A)
pH value
Distance between each electrode (cm)
Electrolyte concentration (g/L)
Time (hr.)
Pb concentration (ppm)
stirring speed (rpm)

Symbol
A
B
C
D
E
F
G

Experimental value
Low (-1) High (1)
0.25
1.5
3
9
1
2
1
2
0.5
1
100
400
250
1000
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Table 2. Plackett-Burman design of each variable

Run order

A

1
2
3
4
5
6
7
8
9
10
11
12

1
1
-1
1
1
1
-1
-1
-1
1
-1
-1

B

-1
1
1
-1
1
1
1
-1
-1
-1
1
-1

Experimental value
C
D
E
1
-1
-1
1
1
-1
1
1
-1
1
1
-1
1
1
1
1
-1
1
-1
-1
-1
-1
-1
-1

-1
-1
1
-1
1
1
-1
1
1
1
-1
-1

F

-1
-1
-1
1
-1
1
1
-1
1
1
1
-1

G

1
-1
-1
-1
1
-1
1
1
-1
1
1
-1

2.2.2. Preparation of electrodes
Iron was used as electrodes in this experiment and the average size of each electrode was 100 x 50 x 1.5 mm.
Electrodes were coated with oil for rust resistance, therefore, they need to be washed with dishwashing liquid
for cleaning the oil. After that, electrodes were wash with deionized water one time and dried. The dried
electrodes were soak into HCl solution for 1 min to make sure that there was no oil and then, soaked them
into DI water for wash HCl solution. Finally, they were dried and measured weight before using in
experiments.

2.2.3. Preparation of Pb(NO3)2 solution
Firstly, used NaCl as electrolyte to spike into DI water in glass volumetric flask 1 L. Secondly, spiked NaCl
water was separated into two sizes of plastic volumetric flask which were 250 mL and 500 mL and used HCl
or NaOH to adjust pH value. Finally, Pb(NO3)2 was spiked into each PP bottles followed the Plackett-Burman
design.

2.2.4. Electrocoagulation experiment
Pb-spiked solution was poured into the PP beaker and a sample before running experiment was collected at
10 mL as a pre sample. Put the beaker on a stirrer and set two electrodes on an acrylic base and distance
between electrode dependent on run order. Connect both anode and cathode electric wires to the electrodes
and adjust electric current to desired value. Then, turn on the power supply to provide the electricity to both
electrodes. After finishing experiment, the power supplied was turned off and a 10 mL of the sample was
collected and pH value was measured. Both electrodes were cleaned by water, dried and then wight of
electrodes was measured.

2.3. Analytical method
The pre-treated water and treated water were analyzed by using Avio 200 Inductively Coupled Plasma
Optical Emission Spectrometer (ICP) to see the removal efficiency of lead-spike in DI water. The removal
efficiency was calculated by the using the Eq. 1. After that the removal efficiency was put into Minitab to
identify the significant factors of Pb removal efficiency.
!" $%&$'&()*(+%&!"#$%" ,!" $%&$'&()*(+%&&#'"%

!"#$%&' "))*+*",+- = /

!" $%&$'&()*(+%&!"#$%"

3. RESULTS AND DISCUSSION

0 1 100

(1)

3.1. Removal efficiency
The data listed in Table 3 indicated a wide range of Pb removal efficiency from different 12 run orders. It can
be seen that while the highest removal efficiency was 89.7% from run order 10, the lowest removal efficiency
was 35.55% from run order 12. Therefore, the variation of removal efficiency suggested that the process need
to be optimized accordingly to improve the efficiency.
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Table 3. Removal efficiency of each run orders

Run order
1
2
3
4
5
6
7
8
9
10
11
12

A

1
1
-1
1
1
1
-1
-1
-1
1
-1
-1

B

-1
1
1
-1
1
1
1
-1
-1
-1
1
-1

Experimental value
C
D
E
1
-1
-1
1
1
-1
1
1
-1
1
1
-1
1
1
1
1
-1
1
-1
-1
-1
-1
-1
-1

-1
-1
1
-1
1
1
-1
1
1
1
-1
-1

F

-1
-1
-1
1
-1
1
1
-1
1
1
1
-1

G

Removal efficency (%)
1
-1
-1
-1
1
-1
1
1
-1
1
1
-1

82.16
89.26
73.13
83.36
79.68
68.42
38.61
70.63
42.56
89.70
44.67
35.55

3.2. Identifying of important factors using Plackett-Burman design
Plackett-Burman design was employed to identify the significant factors of Pb removal efficiency through
Minitab. Analysis of 7 variables showed that A, C, D, E and G had positive effects on the coefficients while
B and F had negative effects as shown in Table 4. As presented in Fig. 1, the most significant factor affecting
the Pb removal efficiency was the current as symbol A. Pb concentration and time were identified to be the
secondary important factors. The model equation of Pb removal efficiency (Y) could be written as:
4 = 55. 78 + :;. 5<= − ?. 8;@ + <. A:B + ?. 8CD + 7. <:E − ;. <5F + :. :G
(2)
Table 4. Analyzed results of 7 variables from Minitab
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Figure 1. The levels of 7 variables affecting Pb removal efficiency

4. CONCLUSION
The electrocoagulation technique could be employed to remove lead (Pb) from the simulated water. The
highest removal efficiency could reach to 89.7% in run order 10. Moreover, Plackett-Burman design was the
effective tool to find the significant factors for Pb removal efficiency. The significant factor for removal
efficiency was the current and the other factors were Pb concentration and time.
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Green Synthesis of Iron Oxide Nanoparticles
Using Spent Black Tea Waste
Şeyma Aydın1, Oktay Özkan2
Abstract
Zero waste is a waste prevention procedure developed to solve the waste problem. One of the most
widely used beverages in our country is tea which contains chemicals known as reducing and coating
agents, such as phenols, amino acids, flavonoids, proteins, and caffeine. The main purpose of the study is
to investigate the formation of iron oxide nanoparticles from used black tea, which is food waste, with a
cheap, non-toxic, and environmentally friendly method. Particle characterization was analyzed by XRD
and zeta potential. As a result, a maghemite-type iron oxide nanoparticle was successfully obtained.
However, the zeta potentials of the iron oxide nanoparticle solutions were moderately stable between 10.5 mV. The reason for this may be that the stability of the waste tea extract, which is reused in the
synthesis, is not stabilized by the reduction of coating agents.
Keywords: Spent Black Tea Waste, Environmentally Friendly Synthesis, Iron Nanoparticles

1. INTRODUCTION
Waste is basically a by-product resulting from human consumption which factors in the direction of world
economies[1]. Food waste is the most produced type of waste in the world [2]. Food waste contains various
biochemicals such as carbohydrates, protein, and various fatty [3]. Thanks to these biochemicals, biofuels,
energy, biomaterials, and nanomaterials are produced from food waste [4]. Zero waste is a waste prevention
procedure developed to solve the waste problem [5].
This procedure includes processes from waste
prevention to waste disposal on a sustainable basis. [5], [6].
Iron oxide nanoparticles can be synthesized with physical, chemical, and green methods [7]. Physical and
chemical synthesis of iron oxide nanoparticles produces expensive, toxic, not environmentally friendly, and
harmful by-products. In the green synthesis method, the process occurs spontaneously in green conditions
without the need for any chemicals. This method is an efficient, easy, environmentally friendly, and
inexpensive method for iron oxide nanoparticles [8].
One of the most widely used beverages in our country is tea [9]. Tea extract contains chemicals known as
reducing and coating agents, such as phenols, amino acids, flavonoids, proteins, and caffeine [10], [11] that
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play an essential role in iron oxide nanoparticle synthesis [12]. The aim of this study is to investigate the
production of iron oxide nanoparticles from tea waste, which is food waste.

Figure 1. Iron oxide nanoparticle formation mechanism with phytochemicals present in the plants [13]

.

2. METERİAL AND METODS
Iron nanoparticle synthesis consists of three stages: (i) preparation of plant extract (ii) centrifugation of plant
extract, and (iii) the formation of the nanoparticles by mixing with the iron solution. The plant extract was
prepared as in the study of Şeyma Aydın and Oktay Özkan [14]. The plant extract was centrifuged at 5000
rpm to remove large organic materials [15]. The precursor solution was added to the plant extract at a ratio of
1:1. The black iron oxide solution formed by the mixture was stirred for 2 hours. The green synthesized iron
nanoparticles were characterized using XRD and Zeta potential analyzes.

3. RESULTS AND DISCUSSIONS
The reusability of the spent tea waste as a reducing and stabilizing for the nanoparticle synthesis was
investigated. Iron oxide nanoparticles were produced successfully by the green synthesis method using the
extract of spent tea waste. In a fresh sample, a maghemite-type iron oxide nanoparticle was obtained, and
colloid stability was determined as relatively stable at -10.5 mV.
The iron nanoparticles synthesis was achieved by iron and iron oxide forms, but low stability was detected.
This may be due to the lack of biomaterials that might be reacted as stability agents, which is due to the
previous use of black tea as a beverage.
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Current Progress on Porous Geopolymers for
Adsorption of Heavy Metals
İlker Acar1
Abstract
Water resources are continuously contaminated by a variety of pollutants, from which heavy metals can
be considered as a high-risk pollutant for the environment and human health. One of the most extensively
used techniques for removal of heavy metals from wastewater is adsorption. This paper reviews the most
recent literature on porous geopolymer adsorbent for heavy metal removal. In particular, fabrication
methods and future perspectives have been investigated besides the related up-to-date researches. The
overall results have indicated promising potential of porous geopolymer, which can mainly be attributed
to its comparable adsorption capacity with respect to other adsorbents as well as its low cost and
environmentally friendly fabrication process. However, since literature studies have generally conducted
with the use of synthetic wastewater in batch systems, more research is needed on real wastewater with
continuous processes in order to ascertain its performance.
Keywords: Adsorption, Geopolymer, Heavy metals, Pollutants, Porous geopolymer.

1. INTRODUCTION
Rapid and continuous industrialization has resulted in some serious detrimental effects on the environment
including the contamination of clean water resources. There is a variety of pollutants such as heavy metals,
dyes, pharmaceuticals, surfactants, pesticides, personal care products and others. From these, heavy metals
are considered as a high-risk pollutant which can threaten the environment and human health. Heavy metals
can be defined as inorganic elements with densities greater than 5 g/cm3. They are mainly classified into two
categories, namely essential and non-essential heavy metals [1], [2].
Essential heavy metals such as Cu, Zn, Fe, Co and Mn are usually harmless at low concentration and required
for various biological processes in living organisms. On the other hand, non-essential heavy metals
comprising of Pb, Cd, Cr, As and Hg are generally categorized as hazardous even in trace amounts mainly
due to their high toxicity level and bio-accumulation characteristic in food chains [2]. Though a few
approaches attempted, adsorption can be regarded as the most extensively used technique to remove heavy
metals from wastewater owing to its simplicity, low cost and high efficiency. From a large number of
adsorbents, activated carbon is accepted as benchmark material because of primarily its unique adsorption
efficiency attributed to its extremely large surface area and moreover its good stability and long durability.
However, its high synthesis cost and difficulties in the regeneration process have forced researchers to look
for lower-cost yet effective and environmentally friendly alternatives [1]–[3].
1
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One promising alternative could be the use of geopolymers for this purpose. Geopolymers can be basically
defined as a three-dimensional aluminosilicate framework which is amorphous or semi-crystalline structure.
Their preparation is based on alkaline activation of various silica and alumina rich raw materials and byproducts including mostly metakaolin, coal fly ash and blast furnace slag and also natural alumina-silicates,
biomass fly ash, red mud, etc. at ambient or slightly elevated temperatures [3], [4]. Since geopolymers have
numerous promising properties as cement replacement material in terms of economic, environmental and
technical benefits, a considerable body of literature has been focused on their utilization potential in
construction industry. Furthermore, geopolymers have recently captured much attention especially on
wastewater treatment for the removal of various organic and inorganic pollutants including heavy metals and
dyes using different methods, mainly adsorption and also photo-degradation, encapsulation and
immobilization [3]–[11].
In this study, current advancement on porous geopolymers have been reviewed as alternative adsorbent
material for removal of heavy metals.

2. METHODOLOGY
The methodology used in this study is based on extensive literature research related to current porous
geopolymer technology and its utilization potential as alternative adsorbent for removal of heavy metals.
Within this scope, processing approaches used for the synthesis of porous geopolymers and interaction
mechanism between geopolymer and heavy metal ions have been examined. Moreover, future perspectives
have been interpreted by evaluating the results obtained from current literature studies.

3. GEOPOLYMER
The term “Geopolymer” was first introduced by Davidovits in the late 1970s. Geopolymers, which have also
been referred to inorganic polymers in literature, can be defined as a negatively charged three-dimensional
aluminosilicate framework in which alkali metal cations such as Na+, K+ and Ca2+ ions function as chargebalancing cations. They were actually intended as a binder material for fire resistance applications owing to
their inorganic origin. Geopolymers are synthesized at often ambient or slightly elevated temperatures
typically below 100 °C by activating various alumina-silicate rich raw materials and by-products with chiefly
strong alkaline solutions, hydroxides and silicates of sodium and potassium, and rarely acidic route with the
use of phosphoric acid. In literature, metakaolin, coal fly ash and granulated blast furnace slag have primarily
been used as alumina-silicate precursors while biomass fly ash, bottom ash, waste glass, red mud, clays and
sedimentary rock powder have also been indicated as materials with a promising potential [1]–[4], [12].
Geopolymers are formed through a process called geopolymerization which sequentially involves dissolution,
gelation and polycondensation. In geopolymerization, strong alkali solution first dissolves aluminosilicate
precursor to form free silica (SiO4) and alumina (AlO4) tetrahedral units. Water then splits out and the
tetrahedral units are alternatively linked to polymeric precursors by sharing of oxygen atoms. Depending on
mainly Si/Al molar ratio, geopolymers with amorphous or semi-crystalline network structures could have
different molecular units or chemical groups. The most commonly encountered molecular units in
geopolymers are polysialate (-Si-O-Al-O-), polysialate-siloxo (-Si-O-Al-O-Si-O-) and polysialate-disiloxo (Si-O-Al-O-Si-O-Si-O-) [1], [2], [13], [14].

Figure 1. Schematic diagram of geopolymer fabrication: conventional, porous and pervious [2]

Figure 1 shows the fabrication process of the three main types of geopolymer, namely conventional, porous
and pervious geopolymer [2]. Conventional geopolymer adsorbent is usually prepared at temperature ranging
from 20-105 oC with the use of mostly metakaolin and coal fly ash as aluminosilicate precursors and sodiumbased alkaline activators, NaOH and Na2SiO3. Pervious geopolymer, which have also been referred to
pervious concrete due to its aggregate inclusion, have numerous application areas, which can be attributed to
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its lightweight and permeable characteristics, such as acoustic and thermal insulation materials, bed materials
for vegetation, solid-liquid separation and water purification. Pervious geopolymer could have a promising
potential mainly due to its recently discovered water purification ability. Porous geopolymers containing high
volume of voids or pores are produced by modifying conventional geopolymers [2]. The detailed information
about porous geopolymer, which is the main topic of this study, was given in the following section.

4. POROUS GEOPOLYMERS
Porous geopolymer can be considered as a modified conventional geopolymer with a high volume of porosity
that has been intentionally introduced. In literature, porous geopolymer generally comprises of pores with
sizes ranging from nanometers up to millimeters and has total pore volumes varying in the range of 30-90%.
Since porous geopolymers have much more available binding sites as an adsorbent compared to conventional
geopolymers due to their higher porosity, they are no longer restricted to be used in powdered form. Instead,
porous geopolymers can be produced with different shapes, such as spherical or monolith which are easier to
retrieve after they are exhausted [2]. Numerous processing approaches have been developed for the synthesis
of porous geopolymers, mainly including direct foaming, replica method, sacrificial filler/template method,
additive manufacturing, fast microwave foaming and others [2], [15], [16].

4.1. Direct Foaming Method
Figure 2 illustrates the typical direct foaming process for the production of porous geopolymer, which is also
widely used for porous ceramics and lightweight concrete fabrication [15]. Due to mainly its simplicity, direct
foaming, either chemically or mechanically, is probably the most widely and commonly used foaming
approach, providing microporous network in the hardened matrix [2]. In particular, the geopolymer foam is
obtained by introducing or generating gas at room temperature in the wet slurry which is then set and cured at
a slightly higher temperature. Gas is usually generated from the decomposition of a foaming agent added
[15]. The most widely used foaming agent in literature studies has been by far hydrogen peroxide. The other
common materials are metallic Al and Si powders. Moreover, Zn powder, silica fume, sodium perborate,
sodium dodecyl benzene sulfonate (SDBS), lightcrete, sodium hypochlorite, sodium bicarbonate, commercial
air entraining agent, silicon carbide and foam have also been tried in researches for this purpose [2], [15].
However, the wet foam produced is unstable, resulting in irregularly sized large pores and reducing
microstructural uniformity and performance of final materials. In order to avoid this, some additives, such as
SDBS, sodium dodecyl sulfate (SDS), oleic acid, calcium stearate, octyl sulfobetaine, lightcrete and glutin are
usually added in combination with foaming agents [15].

Figure 2. The process flow chart for the direct foaming method [15]

4.2. Sacrificial template method
As seen from Figure 3, in sacrificial template method, aluminosilicate sources are first mixed with a
sacrificial template filler, generally polylactic acid to obtain a filler/geopolymer composite material, followed
by heat and/or alkali treatments to remove filler, creating a porous geopolymer [15].
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Figure 3. The process flow chart of the sacrificial template method [15]

4.3. Additive manufacturing method
Additive manufacturing or direct ink writing method is new and promising technology to produce porous
materials. Additive manufacturing (3D printing) has recently received considerable attention owing to its
ability to prepare complex structures with controllable pore size and pore distribution [15].

4.4. Fast microwave foaming method
In order to reduce curing time and increase geopolymerization efficiency, some researchers have proposed
microwave foaming method for synthesizing porous geopolymers. Instantaneous and very fast heating in
combination with easy control make microwave energy an innovative tool. In addition, in microwave heating,
heat is directly transferred to the material through the interaction with the electromagnetic field at the watermolecule level, providing quick evaporation of water in the entire body. This results in a foam structure
within the object in a very short time compared to conventional curing, which is conducted in an oven at 2090 oC for approximately 24-48 h [15].

4.5. Embedding lightweight/porous fillers method
Embedding of lightweight or porous fillers such as hollow spheres and porous particles in a geopolymeric
matrix is another way to generate pores [15]. Since some fly ashes originally contain hollow spheres, namely
cenosphere, there are also studies in literature conducted with fly ash cenosphere as lightweight and porous
filler material embedded in metakaolin-based and combination of fly ash and granulated blast furnace slagbased geopolymers to obtain a lightweight composite material with low thermal conductivity [17]–[19]. In
addition, simultaneous introduction of gas by direct foaming with H2O2 and calcium stearate and
incorporation of hollow glass microspheres has also been studied to produce a lightweight fly ash-based foam
geopolymers with ultra-low thermal conductivity and relatively high strength [20].

4.6. Synthesis of porous geopolymer spheres by suspension solidification method
Unique characteristics of porous geopolymers have motivated researchers to study their utilization potential
as an adsorbent on treating wastewater. With respect to powders and bulk-type adsorbents, spheres have
various feasible characteristics such as easy handling, improved simplicity and efficiency of the process and
higher alkali release ability. Similar to bulk-type porous geopolymers, several ways have been proposed for
porous geopolymer spheres including suspension solidification method, direct molding method calcium
chloride solution gel method [15]. Figure 4 illustrates schematic representation of porous geopolymeric
spheres by suspension solidification method [21].

5. POROUS GEOPOLYMER ADSORBENT FOR HEAVY METAL REMOVAL
Heavy metal removal by geopolymers generally takes place through adsorption process, in which metal
cation adsorbates are adhered onto the available binding sites of geopolymer adsorbent [2]. Table 1
summarizes the most recent literature studies conducted with porous geopolymer adsorbents for the removal
of different heavy metal ions. As seen in Table 1, porous geopolymers have been recently applied for the
adsorption of mainly lead and copper and also cadmium, mercury and nickel. Direct foaming and traditional
and modified suspension solidification approaches have currently been used as major methods for the
fabrication of porous geopolymers with a variety of size and shape, mostly sphere and monolith. Hydrogen
peroxide has been the most widely used blowing agent, which is usually applied in combination with sodium
dodecyl sulfate. Overall results obtained in these studies have suggested that porous geopolymer can be a
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promising adsorbent material for the removal of heavy metals from the solutions mainly due to its low cost,
high adsorption capacity and environmentally friendly production process [10], [11], [21]–[27].

Figure 4. Schematic representation of porous geopolymeric spheres by suspension solidification method [21]

VA
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RHA

EPF

FA and
MK

DF-DM

CGFA,
SS and
MK

pH

Pb2+
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(mg/g)

Adsorbent dosage
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(mg/L or ppm)
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Blowing agent

Production
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Uptake efficiency (%)

Table 1. Heavy metal removal by porous geopolymer

Ref.

312.5
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(Cylindri
cal disk)

27.88

H2O2
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54.76

Ni2+

800

-

5

67.1

19.41

[27]
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H2O2

Sphere
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Pb2+
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1.5
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59.31
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Cu2+
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-

5

15.6

37.9

[25]

MK
with Al
and Ch
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H2O2/
SDS
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230

Pb2+

-

-

5

-

142.7

[24]

MK
and
BFA
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H2O2

Monolith
(Cylindri
cal disk)

-

Pb2+

50

-

5

-

6.34

[11]
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IOT
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H2O2
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(Cube)

-

Cu2+

100

3
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90.7
(pH5)
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68.4

45.6
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1.5

5

53.25

35.5

50

1.5

5

-

52.63

RHA

Cd

2+

Hg

10

0.08

6

SSM

SDS

Sphere

53.95

MK

SSM

H2O2/
SDS

Sphere

53.95

Cu

2+

Cu2+

243.9

[22]

232.6

Pb2+
MK

-

2+

[23]
[21]

Al: Alginate, BFA: Biomass fly ash, Ch: Chitosan, CGFA: Coal gasification fly ash, DF: Direct foaming, DM: Direct molding, EPF: Embedding porous filler, FA:
Fly ash, MK: Metakaolin, MP: Mechanical pelletization, RHA: Rice husk ash, SDS: Sodium dodecyl sulfate, SS: Steel slag, SSM: Suspension solidification method,
VA: Volcanic ash.
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6. FUTURE PERSPECTIVES
Literature studies have pointed out the favorable potential of porous geopolymers as adsorbent especially for
the removal of heavy metals and dyes. However, their performance should also be tested on other pollutants
such as pharmaceuticals, oil and grease, phenolic compounds and micro-pollutants [1]. In addition, due to
their negative surface charge at spontaneous pH conditions, which can be attributed to the aluminosilicate
framework, geopolymers seems more suitable for the removal of cationic species in wastewater treatment.
Although there are very few recent studies conducted on anionic dyes, mainly the necessity of very low pH
values limits their usage [1], [4]. Since there are numerous anionic-based pollutants in wastewater, advanced
geopolymer-composite hybrid materials should be fabricated in order to overcome these pollutants.
Furthermore, future studies should also concentrate on increasing the selectivity of contaminants in
multicomponent system, and more studies should be conducted with the use of real wastewaters and
continuous process [1], [2].

7. CONCLUSION
This study has reviewed the current progress on porous geopolymers as adsorbent for the removal of heavy
metals. Within this scope, processing approaches used for the synthesis of porous geopolymers have been
covered in detail as well as the related most recent researches, which have been examined in terms of
aluminosilicate precursors, geopolymer characteristics, operating conditions, removal efficiency of metals
and adsorption capacity of geopolymers. Overall results obtained in the related literature have proposed that
porous geopolymer can be a promising adsorbent material for the removal of heavy metals from the solutions
mainly due to its low cost, high adsorption capacity and environmentally friendly production process.
However, considering the limited literature on the topic, which have been conducted with synthetic
wastewater in batch systems, further studies are required to ascertain its performance on real wastewater with
continuous processes.
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Heavy Metal Removal from Phosphogypsum
Using Na2EDTA
Ertuğrul Çelik1, Suna Ertunç2
Abstract
Phosphogypsum (PG) is a solid by-product from the wet process of phosphoric acid production. According to the
stoichiometry of this reaction, 5 tons of PG is generated per 1 ton of phosphoric acid production, resulting huge
amount of waste PG. Increasing production of PG in worldwide has been causing serious environmental and
storage problems. One of the negative effects occurring in nature is the contamination of surface and underground
waters by leaching from phosphogypsum of toxic elements mainly heavy metals (Cd, Cu, Fe, Ni, Pb, etc.) having
been different amounts in PG. The scope of this study is that considering the success of the heavy metal removal,
by using the Na2EDTA as a chelating agent for the heavy metal removal from PG to make it harmless and suitable
for subsequent applications. In order to remove the heavy metals especially Cd, Fe, Cu, it was intended to realise
the purification process without breaking the structure of phosphogypsum. Experimental studies were carried out
at pH:5 at room temperature (~25°C), solid:liquid ratio of 1:10 and reaction time of 3 hours conditions. Five
different concentrations of Na2EDTA (0.0005 M, 0.00075 M, 000.1 M, 0.05 M and 0.01 M) were used to remove
the some heavy metals from PG. By preserving the calcium sulfate structure in PG the maximum removal
efficiencies of Cd, Ni, Mn, Cu, Pb and Fe followed in the order: Cd (84.8%)> Ni (78.5%)> Mn (76.7%) >Cu
(36.4%) > Pb (36.2%) > Fe (15.9%).
Keywords: Na2EDTA, phosphogypsum, purification

1. INTRODUCTION
Phosphogypsum (PG) is a waste by-product of the wet process of phosphoric acid production, which contains
variable amounts of some impurities such as naturally occurring radionuclides, fluoride, and heavy metals
depending on the source [1], [2]. The production of one ton of phosphoric acid (H3PO4) will produce 4.5-5.5
tons of PG [3], [4]. The chemical reaction for phosphoric acid production is generalized as
Ca5(PO4)3F + 5H2SO4 + 10H2O à 3H3PO4 + 5CaSO4. 2H2O + HF

(1)

According to the chemical form of PG formed in the production of phosphoric acid by wet method; is
produced in dihydrate (CaSO4.2H2O), hemihydrate (CaSO4. 1/2H2O), hemihydrate-dihydrate, and anhydride
1

2
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(CaSO4) forms [5]. European PG production is estimated as 21 Mt/year from 30 different locations, while the
world production is 100–280 Mt/year [6]. Only 14% of the worldwide production is reprocessed, 28% is
dumped into water bodies, and 58% is being stockpiled and may cause huge environmental problems [7].
Studies have been conducted on the beneficial ways of utilizing PG in order to reduce the disposal problem
and the environmental implications. These include uses of PG: (1) agricultural fertilizer or for soil
stabilization amendments [8], [9], (2) cement industry as a setting regulator in place of natural gypsum [10],
in the gypsum industry to make gypsum plaster [11], [12], as mineralizer in the burning Portland cement
clinker [13], [14], as raw material in the raw mix of cement [15], [16], and in other binder materials [17],
[18]. However, although the chemical composition of phosphogypsum is the same as natural gypsum, it
restricts its use instead of natural gypsum due to the trace elements it contains [19].
PG contains trace metals such as arsenic, silver, barium, cadmium, chromium, lead, mercury and selenium.
These elements are on the Environmental Protection Agency's (EPA) list of potentially toxic elements [20].
Pollution of surface and ground waters by leaking from PG is one of the negative effects that occur in nature
[21]. These cause a negative environmental impact and many restrictions on PG applications [22]. In order to
render PG harmless and suitable for later applications, researchers have proposed methods such as washing,
wet sieving, neutralisation with lime, and treatment with a mixture of sulphuric acid and silica or hot aqueous
ammonium sulphate solutions [20].
Among the most important features that distinguish EDTA (ethylenediamine tetra acetic acid) from them are
low biodegradability, high metal removal efficiency [23], availability of proper recycling techniques [24], and
less impacts on soil microorganism and enzyme activity compared to other agents such as hydrochloric acid
[25]. Most of the EDTA generally available is in the form of the free acid (H4Y) and the disodium salt
(Na2H2Y).The free acid form H4Y is insoluble in water. Therefore, Na2H2Y.2H2O salt is generally used in the
preparation of EDTA solutions [26]. The chemical structure of Na2EDTA.H2O is shown in Figure 1. In
addition, the sodium (Na) salt of EDTA is the most commonly used chelating agent because it forms strong
complexes with heavy metals [27].

Figure 1. Chemical structure of Na2EDTA.H2O

In the current study, to ensure the reuse of PG in other industrial applications it was performed that the
removing of heavy metals from phosphogypsum conserving the CaSO4 structure, by using Na2EDTA solution
in different molarities. Thus, by removing the impurities from PG it is used as a raw material for any process
and sustainable PG management can be realized.

2. MATERIALS AND METHODS
2.1. Materials
Phosphogypsum waste was used in this study obtained from the Toros Tarım A.Ş in Mersin, Turkey. The PG
was dried firstly at 100°C for 48 hours then dried samples were sieved at 38µm <PG<75µm particle size.
Heavy metal content of PG used in this study are shown in Table 1.
Table 1. Heavy metal content of PG

Element
Content
(ppm)

Cr

Mn

Fe

Ni

Cu

Zn

Cd

Pb

11.4

15

185.8

3

1.1

1.2

1.6

4.7

Na2EDTA (AnalaR-BHD Chemical) as chelating agent for removal of heavy metals, NaOH and HNO3 (Emir
Kimya) for pH adjustment, analytical balance (Radwag AS 220/C/2) for weighing samples, magnetic stirrer
(Wisestir MSH-20A) for mixing, pH meter (Consort P902) for measurement of pH value and oven
(Thermomac FCD-3000 Serials) for drying process were used.

732

2.2. Purification of Phosphogypsum

Heavy Metal Removal From Phosphogypsum Using Na2EDTA
Ertuğrul Çelik, Suna Ertunç

Five different concentrations of Na2EDTA (0.0005 M, 0.00075 M, 0.001 M, 0.05 M and 0.01 M) were used
to remove some heavy metals from phosphogypsum. Experimental study was carried out at pH:5 at room
temperature (~25°C), solid:liquid ratio of 1:10 and reaction time of 3 hours. The filtered solids were then left
in the oven for overnight drying. The purification process of PG is shown in Figure 2.

Figure 2. Flow sheet for PG purification process

2.3. Characterization
Infrared spectra were performed with a FT-IR System (Shimadzu FTIR-8400 Fourier Transform Infrared
Spectrophotometer) using KBr pellets in the region of 4000-400 cm–1. The X-ray fluorescence (Spectro XLAB 2000) was used to determine chemical composition of the samples before and after purification.

2.4. Heavy Metal Removal Efficiency
The percentage of metals removed from the PG during the batch reaction experiments was calculated
according to the following equation:
Removal efficiency (%) = ("# − "%)/"# x 100

(2)

where Ci is the initial concentration of heavy metal as mg/kg in PG, and Cf is the final concentration of it after
purification process.

3. RESULTS AND DISCUSSION
In order to investigate the conservation of gypsum structure during the Na2EDTA treatments at different
concentrations, FTIR analysis spectra of phosphogypsum before and after purification was obtained and
given in Figure3.
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Figure 3. FTIR spectra of phosphogypsum unpurified and after purification

The fundamental vibrational modes of phosphogypsum were assigned to the peaks in FTIR spectra. The peak
at 1134 cm-1 in phosphogypsum is υ3 antisymmetric stretch vibration modes, and peaks at 601 and 671 cm-1
are υ4 antisymmetric bending vibration modes. The strongest peak was found at 1134 cm-1 which are υ3
antisymmetric stretch vibration modes of SO4 tetrahedra. The presence of water in the phosphogypsum can be
detected and characterized by peak in spectral region near 3556 cm-1. The peak at 3417 cm-1 in
phosphogypsum is υ3 antisymmetric stretch vibration mode of water. There are two IR peaks for O-H bending
vibration modes (1620, 1689 cm-1) in the phosphogypsum spectrum. The presence of two peaks in
phosphogypsum indicates that there are two crystallographic distinct types of water. One type of water is
linked with sulfate ions by hydrogen bonding, and the corresponding peak has lower frequency (also due to
the hydrogen bonding) and high intensity. The other one is directly linked to calcium ions. As a result FTIR
peaks were compatible with those in previous literature [28], [29].
Removal efficiencies of some heavy metals for different Na2EDTA concentrations is shown in Figure 4.
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Figure 4. Removal efficiencies of heavy metals at different Na2EDTA concentrations

According to the results, it was evolved that the concentration of Na2EDTA has different affect on the heavy
metal removal. While the increase in Na2EDTA concentration did not change the removal efficiency of Cu, it
increased the Ni removal efficiency. On the other hand, the variation of Fe, Mn and Pb removal efficiencies
with the increase in Na2EDTA concentration was obtained irregularly. The highest removal efficiency was
obtained with 0.01 M Na2EDTA concentration was as 84.8 % for Cd. Mn element was removed at 76.7 %
efficiency with 0.05 M Na2EDTA concentration.

4. CONCLUSIONS
The results of the present work suggested that the Na2EDTA with different concentrations could not change
the PG structure and properties to remove heavy metals. It was concluded that the concentration of Na2EDTA
influential on the heavy metal removal from PG between the studied range. But none of the metals considered
in this study were not behaved as the same way for different chelating agent concentrations. This may be
explained by the different precipitation pH value of the heavy metal salts obtained from the PG processed
with Na2EDTA. It should be preffered to use the suitable pH value and concentration of the chelating agent to
remove the targeted heavy metals. Optimal values for removal of heavy metals can be determined by
statistical experimental design methods. The usability of the Na2EDTA for heavy metal removal from PG
were demonstrated that were used for soil in the literature. It can be evaluated that diminishing the heavy
metal content of PG using Na2EDTA will be of great importance for the usage of PG as raw material in
industry, and in agriculture and soil amendment safely.
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Synthesis and Adsorption Potential of
BC/FeOOH/MnO2 Nanoparticles Using OilSqueezed Black Cumin (BC) Seeds as a Waste
Material
Ayşe Özgüven1, Zilan Şirp2, Dilara Öztürk3
Abstract
In this study, oil-squeezed black cumin seeds (BC), a waste material, were treated with NaOH to enhance
the surface area and were evaluated to synthesize a BC/FeOOH/MnO2 hybrid adsorbent for crystal violet
(CV) dye removal from aqueous media by adsorption process in a batch system. The effects of initial pH
(3-11), adsorbent dose (0.25-1.5 g/L), reaction time (5-60 min), and initial dye concentration (50-200 mg/L)
were investigated. Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy
(SEM)/ energy-dispersive x-ray spectroscopy (EDX) analyses were made before and after the adsorption
process. The synthesized adsorbent has a weight ratio for Mn, Fe, Na, and Ca of % 37.29, 26.18 %, 4.38
%, and 0.84 %. The characteristic peaks of FeOOH and MnO2 were observed in the FTIR spectrum.
SEM/EDX analysis confirmed the spherical flower-like architecture of MnO2 and rod-like structure of
FeOOH nanoparticles. Doping FeOOH and MnO2 gave an advantage to the adsorption of cationic CV to
the OH groups. In the FTIR analysis of adsorbent after adsorption, vibration bands of C-N and stretching
of CH3 groups with C-H bands were observed, which may verified the CV adsorption. Optimum adsorption
conditions were determined for pH of 7.2(natural), adsorbent dose of 1.5 g/L, and initial dye concentration
of 50 mg/L. The dye removal efficiency and adsorbed amount of dye were calculated as 94.29% and 31.42
mg/g. The adsorbent showed a good adsorption capacity for CV.

Keywords: Cationic dye, Black Cumin, Adsorption, Removal

1. INTRODUCTION
The negative effects of inappropriate waste management not only deteriorate the aesthetic appearance, but also
affect the economy of a country [1]. Wastes resulting from human consumption or industrial activities are in
many parts of our lives. Organic wastes such as textile dyes are the most discharged pollutants that threaten
environmental environments [2]. Many methods such as ion exchange [3], membranes [4], adsorption [5-6],
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ozonation [7] are used to remove dyestuffs from water. Adsorption is a widely used method in water and
wastewater treatment due to its low cost and environmental friendliness [8]. Commercially valuable activated
carbon is used to remove dyed substances from water, but these adsorbents are quite expensive [9]. Therefore,
low cost, high removal efficiency, renewable adsorbents are needed. Black Seed is an easily accessible
inexpensive plant that can be grown in almost any country [10]. After the mechanical cold pressing process of
black cumin seeds, pressed black cumin cake is obtained. Improper disposal of the press cake leads to
significant waste problems. In the literature, there are studies on the application of pressed black cumin cake in
wastewater treatment. Siddiqui et al. 2018, [11] determined an adsorption capacity of 185.1 mg/g using
nanocomposite MnO4 functionalized black seeds and 58.82 mg/g adsorption capacity using hybrid composite
Fe2O3-SnO2 in the removal of methylene blue from aqueous media. Recently, black seed-based nanocomposites
have been used for methylene blue dye, lead (II) and copper (II) removal [11-14].
The advantage of this study is the production of BC/FeOOH/MnO2 with low cost, environmentally friendly and
easy methods with many functional groups on the surface. FeOOH/MnO2 was included in black cumin seed
powder for hybrid adsorbent formation for the adsorption of CV from water. This composite, which adsorbs
organic materials, can be an affordable and multifunctional material that alone may be sufficient to maintain
the quality of the water. For the CV adsorption parameters of pH, adsorbent dose and initial dye concentration
were investigated. Here, the mechanism of CV adsorption on BC/FeOOH/MnO2 is discussed by fitting the
experimental data to various kinetic and isotherm models. In addition, BC/FeOOH/MnO2 nanoparticles were
characterized by SEM/EDX and FTIR.

2. MATERIAL AND METHOD
In this study, BC seeds (as waste material) were used to synthesize BC/FeOOH/MnO2 as an adsorbent. BC is
used for medicinal purposes in the Middle East. It has been traditionally used in treatments for gastrointestinal
health, kidney and liver function, and the immune system. In this study BC seeds taken from a spice shop in
Van/Turkey, which have been degreased by cold pressing in the spice shop, is a product that is mostly thrown
away. There are farmers who use this waste in animal feed. Crystal violet (CAS No: 548-62-9), FeSO4·7H2O
(CAS No: 7782-63-0), NaOH (CAS No: 1310-73-2), Glycerol (CAS No: 56-81-5) and KMnO4 (CAS No:772264-7) were purchased from Sigma-Aldrich (USA).

2.1. Synthesis and Characterization of BC/FeOOH/MnO2
Firstly, 3:1 weight ratio of NaOH: BC was taken in 250 mL distilled water and heated at 130 C with a reflux
system for 4 h. Then, NaOH-modified BC seeds were washed with distilled water and ethanol several times
and dried at 60 ͦ C in an oven. 0.24 g of FeSO4·7H2O was dissolved in 70 mL of distilled water. 10 mL glycerol
was added to this solution [15]. Then the mixture was taken in a stainless-steel hydrothermal reactor for 12 h
at 120 ͦ C. Then the FeOOH nanoparticles were cooled to room temperature washed with distilled water and
ethanol several times and dried at 60 ͦ C. in an oven. Then FeOOH nanoparticles, 2.5 g of NaOH-modified BC
and 20 mL of 0.04 M KMnO4 were mixed at room temperature for 30 min. Then the particles were washed
with distilled water and ethanol several times and dried at 60 ͦ C [15].

2.2. Methodology
The experiments were made in a batch system. The dye concentration (Co, 50-200 mg/L), Initial solution pH
(3-11), Adsorbent dose (0.25-1.5 g/L), Reaction time (5-60 min) were evaluated as operating parameters. Trials
were conducted at a fixed agitation speed of 150 rpm, a reaction temperature of 20 ͦ C (room temperature). All
experiments were performed in 250 ml Erlenmeyer flasks containing 100 ml of CV solution using a stirrer. The
concentration of unabsorbed dye in solution was determined with a UV-vis spectrophotometer (WTW 6100) at
586 nm wavelength. FTIR and SEM/EDX analysis of adsorbent were made before and after the reaction.

3. RESULT AND DISCUSSION
3.1. Characterization of Adsorbent
3.2. SEM and FTIR analysis
FT-IR and SEM/EDX analysis of adsorbent were made before and after the reaction. According to SEM/EDX
analysis, the typical morphologies of FeOOH and MnO2 were observed. SEM/EDX analysis after the
adsorption process the open flake-like structures were observed as closed/filled which was an indicator of dye
adsorption on the surface. (Fig. 1a-1b) From the EDX results BC/FeOOH/MnO2 had a weight ratio of 37.29%,
26.18%, 4.38% and 0.84% for Mn, Fe, Na and Ca, respectively. The hybrid adsorbent contained the elements
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Ca, Na, C, N and O, which could come from BC seeds. After the adsorption, the increased carbon ratio of
BC/FeOOH/MnO2 may be attributed to the adsorbed dye molecules which can contain carbon bonds (Fig. 1b).

Black cumin
Surface

MnO2

FeOOH
rods

flakes

(a)
Closed
flakes by
adsorbed
dye
molecules

(b)
Figure 1. SEM image of BC/FeOOH/MnO2 before (a) and after (b) dye adsorption
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The FT-IR spectra of the hybrid adsorbent before and after dye adsorption are shown in Figure (2a-2b). The
FT-IR bands of the hybrid adsorbent appeared at 3345, 2931, 2856, 1628, 1559, 1342, 898 and 1103 cm-1. The
broad band around 3345 cm -1 may be assigned to -OH stretching vibration. The peaks at 2931 and 2856 cm-1
may originate from C-H stretching of the alkane functional group (comes from black cumin). The Mn-O
bending vibration appeared at 565 cm-1[16]. The observed peak at 1559 cm-1 may comes from bond of primary
and secondary amide N-H, and stretching vibrations of amines CN or stretching of alcohol CO, ether, carboxylic
acids, and anhydrides (comes from BC)[17]. Also with FT-IR analysis after adsorption, there were some bands
corresponding to C-N and C-H groups of CV which verify the adsorption. The peak at 1342 cm-1 is caused by
OH vibrations of absorbed H2O molecules or structural OH groups. The peaks around 898 and 1103 cm-1 can
be attributed to the characteristic Fe-O-H bending vibration mode of FeOOH [18,19]. According to the FT-IR
results, it can be said that the FeOOH and MnO2 nanoparticles were successfully dopped on Alkali-Modified
BC [20].
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Figure 2. FT-IR spectra of BC/FeOOH/MnO2 before (a) and after (b) dye adsorption

3.3. Adsorption Studies
3.3.1. Effect of adsorbent dose
The removal capacity of the adsorbent increased when the adsorbent dosage increased from 0.25 g to 1 g/L and
reached a maximum of 1.5 g/L (Figure 3). The increase in the removal of dye molecules with the increase of
adsorbent dosage can be explained by the easier penetration of dye molecules into active sites as the amount of
adsorbent increases. In addition, it can be said that the adsorption takes place very quickly in the first 5 minutes
and it reaches equilibrium in approximately 40-60 minutes. The optimum adsorbent dose is taken as 1.5 g/L.
These results are consistent with the findings reported in the literature [17].
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Figure 3. Effect of adsorbent dose for removal dye (Conditions: pH: 7.2 (natural); agitation speed: 150 rpm; reaction
temperature: 20 ͦ C)

3.3.2. Effect of pH
To investigate the optimum pH for the removal of CV from the aqueous solution using BC/FeOOH/MnO2, the
initial pH of the solutions was adjusted to the range of 3 to 7.2. It is shown in Figure 4 that CV adsorption
increases with increase in pH. Since CV is a cationic dye that is positively charged in aqueous solution, the
adsorbent is positively charged in acidic medium. The reason why the adsorption of CV on the adsorbent is low
at acidic pH is that the cationic ions on the adsorbent repel the CV dye molecules. The adsorption of dyes
reaches its maximum value (at pH 11) when cationic charge neutralization is complete. As pH increases,
negative load increases on adsorbent surface due to the deprotonation of surface-active sites and therefore
adsorption of cationic dye with positive load also increases under the effects of electrostatic forces. The
optimum pH is taken as 7.2 (natural) to reduce chemical usage. pHpzc of FeOOH-loaded MnO2 was reported
as pH 2.3 [18] Adsorption of negatively charged ions occurs at pH < pHpzc, while adsorption of positively
charged ions occurs at pH > pHpzc.
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Figure 4. Effect of pH for removal dye (adsorbent dose: 1.5 g/L; agitation speed: 150 rpm; reaction temperature: 20 ͦ C)

3.3.3. Effect of dye concentration
It can be seen that with the increase in Co from 50 to 200 mg/L, removal efficiency decreases, but adsorbed
amount of dye increased from 31.42 mg/g to 107.86 mg/g (Fig.5). This can be attributed to the high
concentration gradient that ensures a driving force to progress dye molecules on active sites . Also, when contact
time was increased from 0 to 20 min adsorption was taken place fastly and it was between 40 and 60 min,
surface-active sites were saturated with cations and adsorption was at a balanced level [19].
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Figure 5. Effect of initial dye concentration for removal dye ( pH: 7.2 (natural); adsorbent dose: 1.5 g/L agitation speed:
150 rpm, reaction temperature: 20 ͦ C )

4. CONCLUSIONS
The BC/FeOOH/MnO2 nanoparticles were investigated as a function of time, dye concentration, and pH for
CV adsorption. Surface of BC was negatively charged with FeOOH and MnO2 nanoparticles to take advantage
of cationic CV dye adsorption. Optimum conditions were determined as pH of 7.2 (natural), initial dye
concentration of 50 mg/L, and adsorbent dose of 1.5 g/L. Under these conditions, CV dye removal was 94.29
%. Adsorption equilibrium was reached after 40 min. According to SEM/EDX analysis, the typical
morphologies of FeOOH and MnO2 were observed. After the adsorption process from SEM/EDX analysis of
the adsorbent, the open flake-like structures were observed as closed/filled which was an indicator of dye
adsorption on the surface. FT-IR results showed that MnO2 and FeOOH nanoparticles were successfully doped
to the BC surface. Also, with FT-IR analysis after adsorption, there were some bands that may correspond to
C-N and C-H groups of CV which verify the adsorption. It can be said that BC can be used (as a waste material)
as a promising adsorbent with many modifications for dye removal.
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Effect of CO2 Source and N Feast-Famine
Cycle Over Chlorella Growth
Ümmü Gülsüm Kıral1, İlker Akmırza2
Abstract
In this study, changes in biomass concentrations of different Chlorella species in mixed culture medium
under Nitrogen (N) feast-famine cycle and different CO2 sources were investigated. Chlorella mixed
culture was operated 40 days. To investigate the different CO2 effects, half of the reactors were operated
open to the atmosphere, that is, using the CO2 in the atmosphere, and the half of the reactors were closed
to the atmosphere and fed with pure CO2. Average biomass growth rates were found to be 10.5 mg/L.day
and 9 mg/L.day in reactors operated open to the atmosphere in reactors with and without nitrogen feastfamine cycle, respectively. In the reactors operated with pure CO2 feed, the average biomass growth rates
in the reactors with and without nitrogen feast-famine cycle were found to be 4.6 mg/L.day and 2 mg/L.day,
respectively. As a result, it has been seen that the business with the N feast-famine cycle has a positive effect
on the biomass growth by stressing the microalgae.
Keywords: Microalgae, Nitrogen (N) stress, Chlorella Species, Biomass, Feast-Famine Cycle

1. INTRODUCTION
The biggest cause of global warming and climate change, which is the most important problem of our age, is
greenhouse gases accumulating in the atmosphere. Compounds that have a major greenhouse gas effect and are
considered greenhouse gases in the Kyoto Protocol; Carbon dioxide (CO2), Methane (CH4), Nitrous Oxide
(N2O), Hydrofluoride carbons (HFCs), Perfluorocarbons (PFCs), Sulfurhexa fluoride (SF6) [1]. Among these
known greenhouse gases, the compound whose effect we feel the most is carbon dioxide (CO2).
The amount of carbon dioxide (CO2) released into the atmosphere is increasing day by day with the
development of technology and the non-stop working industry. With the Paris Agreement signed in 2016, it is
aimed to reduce global emissions by at least 50 percent by 2030 and to reach a net zero emission economy by
2050 [2]. When terms such as carbon capture and greenhouse gas reduction are considered, the first living
species that comes to mind is microalgae.
Microalgae are among the most interesting organisms in order to overcome the problems such as energy, protein
deficit and environmental pollution. Algae have a significant effect on keeping CO2 in the atmosphere and
reducing global warming, as they are photosynthetic creatures and are abundant in the world.
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Due to the environmental problems caused by fossil fuels, more environmentally friendly and renewable energy
sources are sought today. Current studies have focused on identifying species that can provide high energy
outputs and create suitable biomass instead of traditional fossil fuels. For this purpose, microalgae attract
attention in biofuel and biotechnological studies. The simple nutritional needs of microalgae, their ability to be
grown almost anywhere with sunlight, their high photosynthetic abilities and their very short reproductive
period suggest that they may be a promising raw material for biodiesel production. Microalgae have a much
higher oil content than other plant products in terms of growth rate and oil content. The photosynthetic
efficiency of microalgae is quite high compared to terrestrial plants and they are organisms rich in oil content.

2. MICROALGAE
Microalgaes are simple unicellular or multicellular organisms that grow in aquatic environments with
heterotrophic, autotrophic or mixotrophic structures. They can be found in prokaryotic and eukaryotic
structures. With to their simple cell structures, they can multiply rapidly and survive even in adverse
environmental conditions. Microalgae generally live autotrophically and perform photosynthesis using their
pigments. By performing photosynthesis, they convert carbon dioxide, water and sunlight into biomass.
However, according to the specific characteristics of the species, they can also develop as heterotrophic and
mixotrophic, apart from autotrophic conditions. There are many components in the structure of microalgae,
mainly lipids (4-55%) [4, 5], carbohydrates (6-57%) [6, 7], proteins (10-63%) [4, 5]. Some microalgae species
have also been reported to contain more than 70% (on dry weight basis) lipids [8,9].

2.1. Application Areas of Microalgae
Microalgae have wide range of application areas. They can be used in many areas with the proteins,
carbohydrates, fatty acids, vitamins, minerals and pigments they accumulate in their cells. According to purpose
of application different types of microagae species can be used generally, species with high fatty acid content
are used in biofuel production, while those with high protein content are used in animal feed production. Until
now microalgae are mainly used commercially in biofuel production, especially as feed in aquaculture and
animal husbandry, as biofertilizer in agriculture, as supplements, thickeners, and food dyes.
From the environmental engineering point of view, microalgae have become an environmentally friendly
alternative to conventional physico-chemical treatment technologies due to its high treatment potential,
relatively low cost requirement and conversion into harmless end products with high added value.
Use of photosynthetic microalgae species helps to transform carbon dioxide into oxygen and reduce CO2
emissions while increase the dissolved oxygen content of wastewater. Microalgae provide the oxygen that
required for aerobic heterotrophic bacteria in aerobic/facultative oxidation pools, thus enabling the treatment
process to take place effectively. Until now various studies have highlighted possibility of microalgea
application for WW with high nutrient content [10]. In addition, microalgae survive can in many conditions
and perform good results on the treatment of, heavy metals, pesticides, organic and inorganic toxic substances
from their cells [10]. Moreover, they can act as disinfectants at high pH in wastewater treatment systems [11].
The most important benefits of microalgal processes are that they require low costs for their cultivation, do not
require the use of agricultural land, high efficiency in wastewater treatment, being an alternative to limited fuel
sources and being sustainable, and using the produced microalgae as raw materials in different areas according
to their cell contents. For these and similar reasons, they are very important in terms of environmental
engineering, as they are renewable and sustainable resources and enable the wastes generated in conventional
treatment to be converted into valuable products.

3. MATERIAL AND METHOD
3.1. Microalgae Species
The algae type used during the experiment is the mixed Chlorella algae. Since it is a mixed culture, it is specified
as Chlorella species. Chlorella Vulgaris is the most common and best known of the Chlorella species. Chlorella
is a unicellular, green freshwater algae. According to fossil remains, it is a living species whose genetic structure
has never changed for 2.5 billion years [12]. It has been consumed as a food for years because it is an intense
source of vitamins, proteins, mineral substances, amino acids, nucleic acids (RNA, DNA), essential fatty acids,
enzymes and carotenoids.

3.2. Mineral Salt Medium (MSM)
Bold Basal Medium was used for the growth of algae. Bold Basal Medium without NaNO3 was used on days
with nitrogen limitation, and Bold Basal Medium with NaNO3 was used on days without limitation. The content
of my Bold Basal Medium containing NaNO3 is as in Table 4. Also Trace Element Solution composition is
shown in the Table 1.
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Table 1. Bold Basal Medium Composition [13]

Stock Solution

Stock Concentration

NaNO3
CaCl2.2H2O
MgSO4.7H2O
K2HPO4.3H2O
KH2PO4
NaCl
Trace Element Solution

25 g/L
2.5 g/L
7.5 g/L
7.5 g/L
17.5 g/L
2.5 g/L

Stock Volume in 1 L
Medium
10 ml
10 ml
10 ml
10 ml
10 ml
10 ml
5 ml

Used Tools and Devices
•

100 mL anaerobic serum bottle

•

3 fluorescent light for 24 hours

•

Multi magnetic stirrer

•

Spectrophotometer

•

Centrifuge

•

pH meter

Figure 1. Reactors from the Experiment Set-up

4. METHOD
To observe the effect of nitrogen limitation, two conditions were studied, with and without limitation. In order
to see the effect of different carbon dioxide conditions on nitrogen limitation, two conditions were studied,
open to the atmosphere and closed. It was studied under 4 different conditions with 8 different bottles with a
biomass volume of 100 mg/L in 80 mL active volume, two of which were controls.
Initially, it was working as 2 famine-1 feast, then it was continued as 1 famine-1 feast. 25% of the active volume
was replenished with nitrogen-containing or nitrogen-free medium, depending on the operating condition of
the reactor. In order to continue the photosynthesis of algae and their growth as biomass, 5 mL of pure CO2 by
volume is added to the reactor after each MSM renewal in reactors closed to the atmosphere. In order to prevent
biomass loss during the experiment and to keep the initial biomass concentration constant, the samples taken
from the reactors were precipitated by centrifugation and injected back into the reactors.
For biomass monitoring, measurements were made in a spectrophotometer at 685 nm, which is suitable for
Chlorella species. For nitrogen monitoring, after the biomass of the samples taken from the reactors was
precipitated, the samples taken from the upper phase liquid were measured in a spectrophotometer at 220 nm.
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5. RESULT AND DISCUSSION
The data obtained as a result of the experiment were evaluated by comparing multiple conditions such as
nitrogen limitation and the effect of carbon dioxide sources on biomass growth. According to the results
obtained, it can be said that it is easier to increase algae biomass under atmospheric conditions in cases where
there is no limitation. Another result is that N limitation does not have a negative effect under atmospheric
conditions, on the contrary, it provides a more linear concentration increase.
In summary, it was concluded that nitrogen limitation has a positive effect on the increase of algal biomass
regardless of the carbon dioxide source. It was concluded that it is easier to increase the positive effect of
nitrogen limitation in reactors operated under atmospheric conditions.

6. CONCLUSION
In this study, the effect of nitrogen (N) feast-famine cycle on the growth of Chlorella algae under different CO2
sources was investigated. With the N feast-famine cycle in the study, it was investigated whether nitrogen, one
of the most important parameters in microalgae cultivation, is a limiting parameter in algae growth.
According to the results of the study, it has been seen that the business with the N feast-famine cycle has a
positive effect on the biomass growth by stressing the microalgae.
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Microalgal Biorefinery Applications
Ebru Işık1, Ebru Akkaya2
Abstract
This study aims to point out the potential of microalgae applications with biorefinery approach.
Microalgae applications allows us to produce energy products, nonenergy products such as
carbonhydrates, pigments, and proteins and other high value products while we treat wastewater. The
biorefinery approach is the best alternative for fossil-based refineries, so far. Commonly biorefineries use
corn, sugar crops, grasses, starch crops, palm oil, and also microalgal biomass as a feedstock [1].
Microalgal biorefineries stand out among other biorefineries with a broad commercial spectrum of
products, less land requirement, the potential of harvesting in all seasons and short biomass harvesting
time. Besides all these advantages, microalgae provide bioremediation of heavy metals and nutrient
removal from polluted and wastewater, CO2 mitigation, and O2 production via photosynthetic growth.
Keywords: Microalgae applications, biorefinery, circular economy

1. INTRODUCTION
The world population is increasing dramatically. The energy need per capita and the daily water and food
demands are increasing in tandem. The average person's carbon footprint is constantly increasing. Day by
day, our demands from nature are both diversifying and increasing in quantity. Resources are rapidly
becoming polluted and depleted due to unconscious consumption, and these resources are no longer
accessible to most people. In the circumstances, it has become more difficult than ever to live in healthy and
equal conditions. Therefore, it is important to develop a sustainable and environmentally friendly industry. At
this point, less water consumption, minimizing wastewater discharge, implementation of clean production
plans, systematic waste management, reduction of emissions and environmental, economic and social
sustainability of production gain importance for industrial organizations. The biggest challenge for
environmentally friendly industries is to find renewable sources to meet their energy demands.
Due to the exponential growth of the human population, global urbanization and industrialization have
increased, which can promote high energy consumption. Today, fossil fuels are the world's primary energy
source and will remain the world's leading power source. (Figure.1) Fossil fuels are projected to meet about
84% of global energy demand by 2030[2]. Coal, oil and natural gas account for 81% of the country's total
energy consumption [3]. This energy is used to heat and power homes, businesses, run automobiles and
power manufacturing. Nearly three-fourths of the emissions caused by human activity in the past 20 years
were also brought on by fossil fuels.
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Figure 1. Shares of biomass in total energy consumption worldwide in 2015[4]

In addition to providing for our energy requirements, burning oil, coal, and gas contributes to the current
global warming crisis. Burning fossil fuels results in significant carbon dioxide production. Climate change is
caused by carbon emissions, which trap heat in the atmosphere. When burned, fossil fuels release more than
just carbon dioxide. 35 percent of the harmful mercury emissions in the United States, as well as two-thirds of
the sulfur dioxide emissions in the country (which contribute to acid rain), and the great majority of the
particulate matter in our air, are produced only by coal-fired power plants. [5]
Harmful air pollutants are released by fossil fuels long before they are consumed. Every day, 17.6 million
Americans are exposed to harmful air pollution caused by running oil and gas wells, transportation hubs, and
processing plants. [5] These include substances known to cause cancer, such benzene and formaldehyde. In
addition to all these environmental impacts, fossil fuels have also been found to cause land degradation, water
pollution and acidification of the oceans. Therefore, now, engineers and scientists are exploring for ways to
lessen our reliance on fossil fuels while also improving the environmental benefits of using these fuels.
Because of all these environmental concerns, refineries are replaced by plant-based biorefineries. Crops with
high biodiesel and biogas potential such as corn, sugar beet, etc. were processed in biorefineries to produce
biodiesel, biogas, bioethanol, biojetfuel. While the biorefinery approach offers us the possibility of
sustainable processing, the use of edible plants as raw materials is in conflict with the world's food supply. In
order not to jeopardize access to water and food for future generations, developed countries have regulations
on the use of edible plants in biorefineries. Thus, algal biorefineries become a better option for biorefineries.
Algae biorefineries are economically viable, renewable and carbon-neutral plants. They are more efficient,
environmentally compatible and socially acceptable. Along with environmentally friendly energy products,
microalgal biorefineries enable the production of various pharmaceuticals, cosmetics, feed and food products
and other valuable chemicals. Above all, algal biorefinery facilities fit into the circular bioeconomy. The term
circular bioeconomy is an integrated concept of circular economy and bioeconomy. Algal biorefineries can be
said to have a circular economy due to their improved resource and environmental sensitivity, lower
greenhouse gas footprint, reduced dependence on fossil resources, and utilization of by-products and waste
materials from multiple sources. In addition, compared to conventional diesel, algal biodiesel emits less
particulate matter, sulfur oxides (SOx), nitrogen oxides (NOx) and organic air pollutants [6].

2. BIOREFINERY CONCEPT
In the 1990s, the term "biorefinery" emerged in reaction to industrial trends [7]. First, there was a rise in
industrial understanding of the necessity of using biomass resources more sanely from an economic and
environmental standpoint. Then, refineries started to utilize different biomasses instead of fossil resources.
The fundamental technologies between biological raw materials, industrial intermediates, and final products
are combined in biorefineries.
In order to understand what biorefineries are and what they aim to achieve and what their scope is, it is
necessary to take a closer look at the definition of a biorefinery. As seen below, several definitions exist in
literature.
•

“Biorefining is the sustainable processing of biomass into a spectrum of marketable products and
energy.” [8], [9].
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“Full utilization of the incoming biomass and other raw materials for simultaneous and
economically optimized production of fibers, chemicals, and energy.” [7].
“Maximizing the economic value from plants which requires an improved business model and
corporate transformation.” [10].
“Facilities that can combine biomass conversion processes and equipment to generate fuels, power
and new materials in an economically, socially and environmentally sustainable way.” [7].
“Biorefinery is a facility that converts biomass into a broad range of products for various markets
(food, feed, materials, energy) and which is characterized by low energy demand through high
process integration and low waste production as well as a high flexibility towards changing markets
for raw materials and products.” [4].
The integration of different conversion processes to produce energy and value-added chemicals into
a single facility is called a biorefinery.

Based on the definitions, it can be said that biorefineries can create a business model that can integrate
traditional industries with different refineries, realize a circular economy, and ensure sustainability with less
waste, more efficient production and in a more environmentally friendly way. Biorefineries can be classified
into four different categories: biosyngas-based refineries, pyrolysis-based refineries, hydrothermal upgradingbased refineries, and fermentation-based refineries [8]. Biofuel sources are classified based on four feedstock
generations: edible food crops (first generation), lignocellulose-based (second generation), algae (third
generation), and genetically modified plants and microorganisms (fourth generation) [6].
Biorefinery has a process scheme consisting of 2 stages. The first stage can be called primary refinery or
upstream processes. The second stage can be called secondary refinery or downstream processes. Primary
refinery the section of a biorefinery where the biomass is either fractionated into its primary components or
transformed into products with higher energy densities. Secondary refinery a biorefinery's section where the
primary refinery's output is transformed into final products [4].

3. MICROALGAE
The term microalga (microalgae:plural form) is derived from the words micro- and alga, meaning "small".
Phytoplankton and microphytes are synonyms [11]. Microalgae are microscopic, single-celled and mostly
photosynthetic organisms. Although they are unicellular, some can live in colonies. Their ability to
photosynthesize is due to the presence of photosynthetic pigments. They are colored and named according to
the dominant pigment type, such as green algae, red algae, or brown algae. Those that lack photosynthetic
pigments grow as heterotrophs and feed on other organisms. Some species grow as mixotrophs, meaning that
they can both photosynthesize and feed on other organisms.
Microalgae have between 200,000 and 800,000 species, of which 50,000 have been described [12],[13].
These organisms can convert solar energy into a variety of biomolecules, including carbohydrates, proteins,
lipids and triglycerides. Microalgae can grow in a variety of habitats, including freshwater, saline water,
terrestrial, symbiotic, and synthetic ecosystems (fountains, pools, bottles,plant pots).
Microalgae have the ability to remove carbon dioxide from a variety of sources, including atmospheric CO2,
industrial exhaust gases (such as flue gas and flare gas), and fixed CO2 in the form of soluble carbonates [8].
Some are also capable of fixing nitrogen [11]. They can remove wastewater of heavy metals, uranium, and
other pollutants and degrade organic compounds including carcinogenic polyaromatic hydrocarbons.
Since algae are an important source of carbon absorption and consume atmospheric nitrogen oxides, another
well-known hazardous greenhouse gas, large-scale algal development is beneficial to the environment.
Additionally, algae are a key source of biofuels and produce at least 50% of the planet's photosynthetic
biomass [12].
Research on the use of algae for bioremediation of wastewater dates back to the 1950s [8]. There are many
types of wastewaters that can be bioremediated by growing microalgae, nutrient-rich wastewaters with high
N, P and C content can be used for different target crops. Suitable wastewaters for growing microalgae are
listed below.
•
•
•
•
•
•
•
•
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Municipal wastewater [14]
Dairy industry wastewater [15]
Poultry industry wastewater
Piggery wastewater [15]
Paper and pulp industry wastewater
Beer and wine industry wastewater [15]
Starch and juice industry wastewater [16]
Agricultural wastewater [14], [17]
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•
•
•
•
•

Textile industry wastewater [15], [18]
Palm oil mill effluent [18]
Rubber wastewater [18]
Soybean processing wastewater [15]
Aquaculture wastewater [15]

Microalgae have become a popular research topic in recent years. Because the product range is very wide and
the usage areas are very high. Microalgae products and their applications are briefly as follows;
Energy products from algae;
•
•
•
•

Biodiesel
Biogas
Bioethanol
Bio jet fuel [8]

Non-energy products from algae;
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Carbohydrates
Pigments
Protein
Therapeutics
Nutraceutşcals (astaxanthin, omega three fatty acids, sterols etc.) [18]
Food additives
Feed
Bio fertilizers
Oxidants
Pigments
Cosmetics (Skin care, sun protection and hair care; tooth paste, lotions, creams, etc.)
Nutritional compounds
Vitamin supplements
Pharmaceuticals (drugs, antioxidants, antimicrobials, anti-inflammatory agents etc.
Biomaterials and bioproducts
Textiles (alginate fibre for fabrics, algae derived oleic oil for textile lubrication )
Chemicals (dyes and colorants, inks, defoamers, algae based resins, phycobiliproteins etc.)

Environmental applications;
•
•
•
•

Bio-mitigation of CO2 emissions using microalgae
Bio-remediation of waste water and polluted soil using microalgae
Heavy metal biosorption
Soil additives, conditioners and fertilizers

Novel applications in other ındustries;
•
•

Construction: Algae-sand composites as substitutes for brick, concrete, asphalt, and other civil
engineering applications
Electronics: Algae based batteries [19]

4. MICROALGAE APPLICATIONS WITH BIOREFINERY APPRAOCH
Algal Biorefinery includes cultivation of microalgae under suitable conditions, extraction of bioreactive
products from harvested algal biomass, thermal processing (pyrolysis, liquefaction or gasification), extraction
of high value chemicals from the resulting liquid, vapor and/or solid phases and reforming/upgrading of
biofuels for different applications.
Production in microalgal biorefineries also consists of 2 stages as shown as Figure 2. In the first stage, the
most suitable microalgae and the most suitable cultivation conditions for the target product are selected. The
microalgae cultivation environment can be fresh water, saline water, or wastewater. The selected microalgae
is introduced to the selected medium in a raceway pond, photobioreactor or a fermenter. Organic carbon and
nutrients can also be added for efficient growth. When cultivation in wastewater is preferred, it is necessary to
examine the wastewater characteristics well. It should be checked whether there are sufficient amounts of
essential nutrients and trace elements in the wastewater we will use. In addition, parameters such as turbidity,
color, or high amount of suspended solid etc. that may adversely affect microalgae cultivation should be
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checked and necessary pre-treatment processes should be carried out. Microalgae can be grown with a natural
light source or with artificial lighting in the light-dark period, we have determined. In Stage 2, microalgae ,
which cultivated in first stage, are harvested by methods such as flotation, flocculation, centrifugation or
ultrasound. Drying can also be done if necessary. The harvested microalgae are broken down by extraction
methods such as solvent extraction, superficial fluid extraction, ultrasonic assisted extraction, enzymatic
extraction and the target product can be obtained in the separation stage. The separated parts can be used
directly or high value chemicals can be obtained by applying transformation processes such as fermentation,
anaerobic digestion, transesterification, pyrolysis, gasification, combustion, hydrothermal liquefaction. At the
end of all these stages, it is possible to obtain biofuels, lipid-based food products, pigments-based food
products, protein-based food product, protein-based animal feed and other valuable chemicals.

Figure 2. Generic algal biorefinery diagram

In order to understand how algal bioretention can work, its scope and potential, I designed an example of an
algal biorefinery plant. I assumed that an algal biorefinery is built integrated into a textile factory. In this
plant, the wastewater from the factory is fed to the biorefinery plant through the necessary pre-treatment
processes. Microalgae is then fed to the wastewater. Microalgae are cultivated by providing appropriate
temperature, pH, salinity, light-dark period. Microalgae consume N, P and C in the wastewater during growth
and reproduction processes. Therefore, the wastewater is treated and made to meet the discharge standards.
The produced microalgae are dried and pigment extraction can be made from microalgae by selecting
appropriate methods. After pigment extraction, biodiesel can be obtained by extracting the lipids in the
residual biomass. All remaining biomass can then be burned for energy cogeneration. The energy obtained
can be used in the facility, enabling the facility to produce its own energy. The pigment obtained at the end of
these processes can be used in dyeing processes in the textile factory. The treated water can be used with a
secondary treatment or directly according to its intended use in the factory.
As we can see from the case study, algae biorefineries have great potential for the application of the circular
economy in many sectors. With an integrated biorefinery, while multiple products can be obtained, at the
same time wastewater can be treated and reused, part of the energy can be produced and one of the raw
materials for the industry can be produced and wastes can be minimized.
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4.1. Comparison of Algal Biorefinery and Plant-based Biorefinery
Currently most biorefineries are plant-based. There are only 3 biorefineries in Turkey. These plants produce
bioethanol using sugar beet, wheat, corn and sugar molasses [20]. Unfortunately, there is not yet a large-scale
biorefinery using microalgae as biomass. However, algal biomass appears to have significant advantages in
operation. With their high photosynthetic efficiency, microalgae can be rapidly and efficiently utilized and
converted into a large number of end products. Among the many advantages and environmental benefits
listed in Table 1, the most important is that algal biomass does not require the use of agricultural land and
freshwater resources. Thus, it is possible to protect our depleting resources and create added value while
carrying out industrial activities in algal biorefineries.
Table 1. Comparison of algal biomass and plant-based biomass

Algal Biomass
Higher photosynthetic efficiency (3-8 %)[12]
Higher growth rate
Higher biomass yields per hectare
Higher CO2 sequestration ability
Can grow in soil, freshwater, saline and brackish
water
No competition with farmland [8]
Can be harvested almost all the year round with no
seasonal breaks
Less use of fertilizers and pesticides leading to less
pollution
Microalgae have no stems or roots and lack highly
resistant cell wall components, which are difficult to
degrade.
According to do former statement, algae products and
residual biomass are easier to use and combine.
Growth time is approximately 2 weeks
Contains much higher lipid content per biomass [8]
Cultivation can be done in the facility

Plant-based Biomass
Lower photosynthetic efficiency (0.5%)[12]
Lower growth rate
Lower biomass yields
Lower CO2 sequestration ability
Can grow only in soil with freshwater
Needs suitable farmland (most are farm product)
Most can harvest once in a year
Needs fertilizers and pesticides for better growth
Plants have lignocellulose and lignin as a cell wall
components that are challenging to chemically break
down and use.
According to do former statement, plant products are
more difficult to use and combine
Growth time is approximately 2-3 months
Contains less lipid content per biomass.
Need to move from farmland to the facility[21]

5. CONCLUSIONS
Microalgae applications with the biorefinery approach are very promising. There are many studies on this
subject in the literature. It would not be wrong to expect an increase in studies on multi-product biorefineries
and energy production. In many countries, decisions have been taken to support biorefineries. At the 2022
Climate Council, Turkey took the following decision for the development of biorefineries. “Renewable
energy-supported integrated biorefineries and innovative technologies should be developed for zero waste,
circular economy and multi-product, renewable energy-supported integrated biorefineries and innovative
technologies for the conversion of organic wastes and micro algae with high added value potential into
products such as biofuels (solid, liquid, gas) and hydrogen through biochemical, thermochemical and
hydrothermal technologies.” [22]. Unlike Turkey, in Europe the relevant legislation was introduced much
earlier. In Europe, in addition to the "Renewable Energy Act" of 2000, there are currently in place laws on the
use of biomass in place of non-renewable resources when producing biofuels for transportation [10].
The potential of microalgal biorefineries is constrained by high capital cost and operating cost; lack of
successfully implemented industrial-scale biorefinery processes; and lack of validated market applications for
microalgal components [23]. It has become clear that microalgal biorefinery should be conducted in a multiproduct approach and in a way that ensures global economics. More research is needed on multi-product
biorefinery at industrial scale.
Algae systems that only aim to produce fuel do not seem feasible. The price of microalgal biodiesel is $21.11
($/gal) (2013 US) compared to $3.91 ($/gal) (2013 US) for fossil biodiesel [24]. Selling at a lower price
prevents the business from operating in a viable way. Making energy products more affordable may be
possible through a multi-product biorefinery approach. If omega-3 oil extraction is integrated into this
biodiesel production plant, the balance of income and expenses of the plant will completely change. If we
extract omega-3 oil from microalgae, we will be able to earn 150 USD/kg for the omega-3 oil produced (US
in 2019) [19]. Once high revenue generating products such as omega-3 oil, astaxanthin, lutein are produced,
the plant can be made feasible with by-products and energy production and will pay for itself in a short time.
High-value microalgal products are typically much more expensive than conventionally chemically produced
ones and can often be sold in specialized biomarkets. However, consumers tend to prefer natural products,
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especially in the cosmetic and food sectors. It may therefore be wise for algal production to target these
sectors.
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Enhancing Environmental Sustainability
Practices in Laboratories
Nouha Bakaraki Turan1, Guleda Onkal Engin2, Mehmet Sinan Bilgili2
Abstract
Environmental sustainability (ES) became a serious global challenge nowadays. The importance of ES in
shaping the future of the planet attracts the conscious division of society and stakeholders to incorporate
this concept in their lifestyles and decisions. The embarrassing realization is that research laboratories
themselves are not apart from the worst environmental offenders. This fact recently sink in pushing
authorities to examine this risk by finding environmentally friendly solutions and pratices that reduce
energy consumption, water usage, and waste production. Highly reputable universities and companies
were the models for being greenly certified. However, the concern remains for the uncontrolled
laboratories and the level of serious applications and awareness even by the certified laboratories. In this
paper, the environmental threat from research laboratories will be discussed in detail proposing various
green practices and management strategies that can be implemented for resources and materials used in
the laboratories. Within the structure of a green laboratory, the responsibility and awareness of universities
and companies will be underlined.
Keywords: Environmental sustainability, Laboratory, Green Practices

1. INTRODUCTION
Environmental sustainability is defined as the responsibility to conserve the natural resources of the global
ecosystem for current usage without compromising the future generation's needs. This last can be achieved by
creating a condition of resilience, interconnectedness and balance between the human society's needs and the
capacity of the ecosystem and biological diversity to regenerate the services [1]. As it can be understood, the
human impact plays a serious role in the conservation of the natural systems to break the model of the circular
economy that is based on the take-make-consume-throw-away policy and replace it with the circular
economy model. The circular economy model is based on three main principles: waste equal foods, use of
renewable resources and build resilience through biodiversity. These principles fit with the sustainable
development global strategy, the green economy and the eco-design of the functionality increasing the
efficiency of each stage of the products [2].
Recently, different environmental sustainability and circular economy supportive terminologies and slogans
enters daily life and markets that aims to initiate a new era in human habits to be more green and more
sustainable. "Be green", "Think green", "carbon neutral" and "bio-products" are some examples of these
terminologies. As laboratories must be included as well in the environmental sustainability and circular
economy policies because scientists should do science and good for humans without destroying global
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resources. The United Nations came up with the green lab certification program. In this paper, different green
practices from the "green lab" program will be listed to help laboratory workers and scientists working a
better sustainable laboratory environment.

2. "GREEN LAB" CONCEPT
It was reported by Allison Paradise, the Californian non-profit organization, My Green Lab that 10 times
more energy and at least four times more water are consumed in research labs. Besides, research labs produce
about 55 billion kilograms of plastic annually produced worldwide. Furthermore, laboratories mostly need
24/7 running air-conditioned environments and they continuously produce hazardous and contaminated waste
[3].
"My green lab" certification program is initiated by the United Nations as a key measure for environmentally
sustainable practices at the laboratory. It initiates a carbon-neutral future by saving money and resources at
the same time. Five certification levels are available within the program which is directly related to the
percentage of applied green assessments in the laboratory. The highest score is the green-certified laboratory
which applied 80% and more of green lab assessments [4].

3. "GREEN LAB" PRACTICES
Below are the main titles that can be implemented to enhance laboratory sustainability. Only some of them
are listed in the paper here noting that new ideas and innovations are still in need [5], [6].

3.1. Communication and Education
Communication is a crucial point in the implementation of green laboratory environments. For this aim, most
of the companies' and universities' laboratory creates a green lab community to enhance communication
between laboratory members. Green teams are responsible as well for the education and awareness of
laboratory personnel and researchers.

3.2. Save Water
The quantity of water used must be minimized to the maximum with the need to report any leakage in the
laboratory. Most laboratories shift to washing the glassware using a washing machine rather than a manual
wash. The quantities of Mobile phase and chemicals must be calculated before and only the needed amounts
must be prepared.

3.3. Conserve Energy
The conservation of energy can be performed through simple steps such as:
•

Implementation of a device Shut Down Procedure

•

Regularly defrost and de-ice the laboratory freezer

•

Shut fume hoods when not in use

•

Shilling up the freezers energy from – 80 to – 70 degrees save 30% more energy

3.4. Reduce Waste
Reducing waste is usually a big deal and a large topic in which several points can be listed but here simple
and easy habits can help in reducing laboratory waste:
•

Reuse Mailing Envelopes, Boxes, and Packaging Materials or return them to the vendors.

•

Implementation of a recycling policy for solid wastes.

•

Keep track on your stored items and chemicals by implementing an inventory management
procedure.

•

Minimize hazardous waste by applying Green Chemistry concepts to your research. Understand the
toxicity of used chemicals and replace by green solvents if possible.

•

Encourage undergraduate students, laboratory technicians and workers to use academic searching
engine and green chemistry guides.

•

Enhance laboratory equipment and resources sharing.
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3.5. Go Digital
Going digital help in organizing documents, and data and the easier acquisition of data. Reducing paper usage
is a new goal globally and it should be implemented in the laboratories as well. Going digital reduces no
doubt carbon emissions.

3.6. Purchase Green
Purchase green policy can be implemented through the following approaches:
•

Buy only the needed quantity.

•

Make energy-efficient purchasing choices and purchase Energy Star-certified equipment.

•

Think before you buy.

•

Purchase recycled content paper and paper towels

•

Use healthier, green cleaning products.

4. CONCLUSION
In this paper, the environmental sustainability and circular economy within the laboratory structure were
introduced by listing different actions and laboratory habits that help reach a green-certified laboratory. It is a
serious topic especially for scientists who try to do good for humans but they must be aware not to damage
the planet. Educated scientists have a high responsibility to initiate this awareness. These green practices must
be audited and followed regularly being open as well for innovative ideas.
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Problems and Solutions Related to Water in
Turkey and in the World
Niyazi Alper Tapan1, Uğur Büyükhatipoğlu 2
Abstract
Beside the targets set by climate agreements on fossil fuel consumption, meat consumption etc, it is known
that the major effect of climate change will be on fresh water use and supply. The picture is not seen to be
bright when the drop in rain falls or temperature rise is seen to affect agriculture dramatically. In fact the
solutions to water scarcity should be searched by a holistic view which takes into account interaction of
other global issues and water and by technological advancements like in developed countries.
In Turkey, one solution to prevent drought and resist rainfall deficiency could be collection and reuse of
waste, drainage or storm waters for irrigation or other purposes. Therefore as an association we would
like to send a message about directing projects to rain or storm water utilization and harvesting or taking
“before discharge” measures like advancing irrigation or plantation. As a final word, we would like to
emphazise technologies like green infrastructure-microbial fuel cells which could be cheaply and easily
adapted to different environments for bioremediation, secondary waste water treatment and electricty
generation by the help of natural habitat in engineered lands.

Keywords: Water, agriculture, harvesting, microbial fuel cells
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Algae-based Dyes for the Textile Industry
Tasnim Almoulki1, Ebru Akkaya2
Abstract
The applications of algae are becoming more popular day after day. From biofuels to nutrients, cosmetics,
pharmaceuticals, and most recently dyes and ink. Due to algae’s high lipid content that works best as a
substitute for petroleum-based products, and because it is carbon negative and eco-friendly, algae-based
dyes can present a transitional solution to the environmental damages caused by the dyeing phases in the
textile industry. Scientists have investigated the types, methods, applications, and efficiency of various
algae species and types of dyes to serve in various coloring and printing applications. In this paper, we
explain the possibility of using microalgae as an ecofriendly dye for fabrics using common methods of
dyeing backed with the related literature.
Keywords: Algae, dyes, dyestuff, environment, sustainable, textile.

1. INTRODUCTION
Many natural dyes have proven to be successful substitutes of synthetic dyes in terms of color and quality. Only
to produce such dyes, a large demand for landscape, water, and time is required; resulting in a challenge to
withdraw conventional products in preference of natural alternatives.
Dyes may be defined as substances that, when applied to a substrate, provide color by a process that alters, at
least temporarily, any crystal structure of the colored substances [1], [2]. It is estimated that over 10.000
different dyes and pigments are used industrially, and over 7 x 105 tons of synthetic dyes are annually produced
worldwide [3].
In recent years, significant interest has been developed in the commercial utilization of algae [4] due to its
reliance on carbon dioxide and sunlight to grow, and because of its short growth rate and little need of
landscape, in addition to its wide range of species that are majorly high in lipids, fatty acids, proteins,
polysaccharides, and pigments [5]. Algae contains a broad range of photosynthetic pigments. Three main
classes of photosynthetic pigments are: chlorophylls, carotenoids (xanthophylls and carotenes) and phycobilins.
Macroalgae contain phycoerythrins and carotenoids, which represent valuable pigments for the textile finishing
industry. Different algal groups are classified based on predominant pigments, such as chlorophyll b in green
algae [6], fucoxanthin, and carotenoids in brown algae [7], and β-carotene and zeaxanthin in red algae [8].
Furthermore, acetone extraction is considered the most effective and ecofriendly approach for efficient
extraction of natural dyes [9].
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This research points out some of the basic methods of algal dyes production and its potential to serve the textile
industry.

2. TEXTILE DYES
Before diving into the overall process, it is important to gain some background on the dyeing phase in the textile
industry. As the coloring of fabrics is considered one of the key factors in the successful trading of textile
products [10]. The current dyeing methods have been used for a long time which differ according to the desired
fiber, print or color, and product quality such as water repelling, antistatic protection, fire retardants etc.
In order to result with a colored fabric, it generally goes through three steps, preparation or pretreatment, dyeing
and finishing [10], [11]. It is known that no dye can be applied to all existing fibers, and no fiber can be dyed
by all known dyes [12].
By the main use of synthetic dyes, the textile industry has posed serious environmental risks with the generated
wastewater that can be very difficult to treat and resist in nature for many years. Various types of synthetic dyes
and chemicals are characterized by a very high pH and salinity values [13]. 54% of the dye effluents in the
world are produced by textile industries [14]. It’s estimated that 17–20% of industrial water pollution is caused
by the textile industry according to The World Bank [15].
The main materials used in producing synthetic dyes are coal tar and petroleum, which have negative impacts
on the environment. The reason synthetic dyes are still favorable is because natural dyes usually cost higher
because of the tedious extraction of colorants from raw materials, the low color value and long dyeing time. In
addition, some natural dyes are fugitive and can need mordants to enhance its fastness characteristics. Natural
dyes also work best with natural, not synthetic, fabrics [16].

3. ALGAL DYES
Algae can be considered as microscopic plants that are invisible to the naked eye, but when grown in water
with sufficient nutrients, changes the color of water to green, brown, or blue depending on the microalgae
species [17]. Of the total of 200.000 to 800.000 species of algae, only tens of thousands are listed in the
literature [18]. Algae is known to have high lipid content and contains photosynthetic pigments [19]. Table 1.
shows the color constituents in algae.
Table 1. Different color constituents in algae [19]

Green Algae
Euglenoids
Brown Algae
Yellow-brown or
Golden-brown algae
Dinoflagellates
Cryptomonads
Red algae
Blue-green algae

Colored constituents in algae
Constituents (Major)
Chlorophyll b
Chlorophyll b
Chlorophyll c l , c2 and
fucoxanthin
Chlorophyll c l , c2 and
fucoxanthin
Chlorophyll c2, peridinn
Chlorophyll 2, phycobillins
Phycoerythrin, phycocyanin
Phycoerythrin, phycocyanin

Category
Chlorophyta
Euglenophyta
Phaeophyta
Chrysophyta
Pyrrophyta
Cryptophyta
Rhodophyta
Cyanophyta

For all reasons mentioned above, a study was done on the possibility of using microalgae as dyes for the textile
industry, using related literature.

4. MATERIALS AND METHODS
The process of creating algal-based dyes goes through three main stages as follows: Biomass Production,
Pigment Extraction, and Dyeing. Each stage will be explained in further detail.

4.1. Biomass Production
In this study, firstly, Chlorella Vulgaris microalgae species obtained from Yildiz Technical University’s
Environmental Engineering Laboratory were dominantly grown in a mixed-algae culture with a synthetic
nutrient medium. Bold's Basal Medium (BBM) was used as the synthetic culture medium. BBM medium
consists of the nutrients given in Table 2.
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Table 2. Chemicals used in the preparation of the BBM culture media
Stock solution
number
1

Name of Chemical

Formula

Weight (g)

Di potassium hydrogen
orthophosphate
Potassium dihydrogen
orthophosphate
Magnesium sulfate
Sodium nitrate
Calcium chloride
Sodium chloride

K2HPO4

1,875

Distilled water
(ml)
250

KH2PO

4,375

250

MgSO4.7H2O
NaNO3
CaCl2.2H2O
NaCI

1,875
6,250
0,625
0,625

250
250
250
250

7

Tetrasodium EDTA
Potassium hydroxide

EDTA-Na4
KOH

5,000
3,100

100

8

Ferrous sulfate
Sulfuric acid (1 mL = 1,84 g)

FeSO4.7H2O
H2SO4

0,498
0,1 mL

100

2
3
4
5
6

9*
Boric acid
H3BO3
1,142
100
10
Zinc sulfate
ZnSO4.7H2O
0,353
25
11
Manganese chloride
MnCl2.4H2O
0,058
25
12
Copper sulfate
CuSO4.5H2O
0,063
25
13
Cobalt nitrate
Co(NO3)2.6H2O
0,020
25
14
Sodium molybdate
Na2MoO4.2H2O
0,048
25
*Should be heated at 50-60 °C to dissolve. All chemicals should be weighed with aluminum foil.

The stock solutions used in the preparation of the BBM were prepared in corresponding volumes of balloon
flasks covered with aluminum foil.
To prepare a 1-liter BBM for the biomass production, the stock solutions numbered in Table 2 were initially
added to a 1L volumetric flask filled with 900ml of ultra-pure water in the following volumes respectively:
• 10 ml of each stock solution from 1-6.
• 1 ml of each stock solution from 7-9.
• 0.1 ml of each stock solution from 10-14.
Each solution is then completed with pure water, mixed for 30 minutes, and finally set in the autoclave for
120℃ 20 minutes for sterilization.
This process was repeated numerous times in order to fill the algae bioreactor that has a 50-liters volume in
total, extra volumes were also made for the smaller algae samples that were constantly under control and
required addition of BBM every week.
For the growth processes, available mixed-microalgae culture dominated by Chlorella Vulgaris were combined
with sufficient amounts of media in the bioreactor as shown in Figure 1 for large production.

Figure 1. Microalgae production and growth processes in the bioreactor

The growth rate and species were constantly monitored by measuring the Suspended Solid Matter’s SSM
concentration daily, and detecting the species under the microscope, the growth of algae in the bioreactor over
time can be shown in Figure 2:
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Figure 2. Biomass production

After daily measurements were made, and when the Suspended Solid Matter’s SSM concentration reached
approximately 0,5 mg/L, the samples were concentrated by centrifugation to begin the drying phase.

4.2. Pigment Extraction
In the drying phase, semi-liquid biomass was obtained from microalgae species, which were concentrated by
centrifuging at 4000 RPM for 10 minutes in the ROTOFIX 32. This biomass was spread on a tray and placed
in an oven to dry at 40˚C for 6 hours.
Afterwards, the obtained dry biomass was crushed in a mortar as in Figure 3 to create a fine powder of algae.

Figure 3. Crushing of dried biomass in a mortar

Soxhlet extraction was applied as the pigment extraction method from the microalgae powder. In this method,
5gr of dry biomass’ pigment was extracted using acetone as a solvent, and then the solvent was collected with
a rotary evaporator [4]. Following the extraction process, the colored supernatant part was separated from the
biomass wastes by filtration and/or centrifuging. After the separated supernatant was concentrated, it was stored
for use in the dyeing process.

4.3. Coloring Process
The dyeing or coloring process experiment was carried out by using acetone for pigment extraction, with a pH
8.4, and 10 gr of %100 cotton fiber, the fiber was heated under 55℃ and set in a mixer for around 1 hour. This
method was modified and adapted from the European Sea Colors Project [20]. The mordanting process to fix
the dye to the product was not performed, as mordanting was disregarded in this study.
Since chlorophyl is the photosynthetic pigment found in the plant cell’s chloroplast with its specific form
chlorophyll-a, also a general photosynthetic pigment that plays an important role in photosynthesis [21], the
amount of pigment extracted from the microalgae biomass was measured spectrophotometrically depending on
the amount of chlorophyll-a presented on the fabrics.

4.4. Light Fastness Analysis
The color quality of the dyed fabric was determined by light fastness analysis carried out according to the ISO
105 B02 1994 method, through service procurement.

5. RESULTS AND DISCUSSION
5.1. Obtained Species
As previously mentioned, mixed microalgae culture dominated by Chlorella Vulgaris was used in the bioreactor
and was daily monitored using a light microscope.
Figure 4 shows images of mixed species of microalgae obtained from the microscope:
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Figure 4. Mixed species under the light microscope

The image shows Chlorella Vulgaris, Nannochloropsis, and traces of Spirulina.

5.2. Light Fastness
When exposed to sunlight, dyed fabrics can fade or change color over time. The durability of color on such
materials against light is called light fastness [22]. Light fastness measurements are interpreted with the
standard dyed blue scale made on 8 wools and separated according to their fastness. The dyed wool scale, along
with the tested fabric, which are both exposed to light for the same amount of time, consist of 1-8 points for 8
appropriate standardly dyed samples for light fastness. Number ‘1’ indicates low light fastness whereas number
‘8’ indicates high fastness [22].
Figure 5 shows the resulted light-green color of dyeing the cotton fabric. The sample gained a result of “2”,
which is in the range of 1-8 and deemed normal for usual organic dyes. This result was given by a private
laboratory in Istanbul, Turkey.

Figure 5. Dyeing result of using an algae pigment

6. CONCLUSION
According to this study, the rich content of chlorophyll in microalgae gives it a high potential to be used as a
natural dye resource. However, more research is required for the best methods of application of such dyes in
order to achieve similar quality to synthetic dyes.
The future of algae-based dyes is very promising as it is carbon negative and very safe to produce. The study
showed preliminary results of successful coloring of fabric using pigments extracted from microalgae,
nevertheless, further research on optimum algae species, variety of colors, and color fastness should be done.
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Experimental Investigation of Biodiesel and
Acetylene Dual Fuel Use in a Diesel Engine
with RCCI Approach
İlker Örs1, Selçuk Sarıkoç2 , Savaş Yelbey3
Abstract
Diesel engines are widely used in road, railway and sea transportation and electricity generation because
they can provide high torque with low fuel consumption. Today, the increase in the cost of petroleumbased diesel fuel and the decrease in petroleum reserves day by day have brought biodiesel to the fore as
an alternative diesel fuel. Biodiesel also has a limited area of use due to its cost and low performance
values. In addition, very high NOx emission and feedstock problem can be added to these disadvantages.
In this study, it is aimed to both reduce the harm of waste oil to nature and solve the feedstock problem by
choosing waste cooking oil (from university cafeterias) as a biodiesel raw material. In addition, 30%
acetylene was added to meet the engine's energy need as a dual fuel technology in order to increase the
preference for the use of biodiesel in diesel engines. The experiments were carried out at 4 different
engine loads (15 Nm, 30 Nm, 45 Nm and 60 Nm) and a 3-cylinder naturally aspirated diesel engine.
According to the test results obtained, biodiesel fuel consumption was reduced by 30% with the addition
of 10% acetylene. In addition, reductions of 6.85%, 10.41%, 8.1% and 5.61%, respectively, were detected
in CO, HC, NOx emission and smoke opacity values.
Keywords: Alternative fuel; Engine performance; Environmental pollution; Exhaust emissions; Waste
cooking oil

1. INTRODUCTION
Petroleum-based fuels are used not only in transportation vehicles, but also in electricity generation, heating
and power generation used for different purposes. In addition to the depletion of oil reserves in the world, the
fact that petroleum resources are processed in certain countries is an important problem for countries that
import petroleum-based fuels. In addition, the negative effects of the use of petroleum-based fuels on global
warming are increasing day by day. For these reasons, researchers have focused on alternative energy sources
instead of petroleum-based fuels. These energy sources should be renewable, sustainable, inexpensive and
environmentally friendly. In recent years, wind energy, solar energy and biomass energy have been the most
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popular alternative energy sources. However, the limited use of these energy sources and the high production
costs are the most obvious disadvantages today [1], [2].
Biomass energy is used as a power source, especially for vehicles used in transportation. The most prominent
examples are bioalcohols and biodiesel. While bioalcohols are mostly used in spark ignition (SI) engines,
biodiesel fuel is suitable for use in compression ignition (CI) engines. CI engines, also known as Diesel
engines, are preferred especially in maritime transportation, which constitutes approximately 80% of the
transportation sector in the world, as they provide high torque with low fuel consumption. However, diesel
engines are also widely used in road vehicles and electricity generation. In diesel engines, they work with
fuels with high cetane number and these fuels are generally called diesel fuel. Since biodiesel produced with
biomass has a high cetane number, it can also be used in gas turbine engines instead of kerosene produced
from petroleum together with diesel engines [3]-[6].
Biodiesel can be produced by transesterification method from algae as well as all vegetable and animal oils.
Fuel properties of biodiesel may vary depending on the type and properties of the oil from which it is
produced. Biodiesel has a number of standards for its quality. The European standard for biodiesel is EN
14214, which is translated into the respective national standards for each country that forms the CEN area
e.g., for the United Kingdom, BS EN 14214 and for Germany DIN EN 14214. In addition, the American
standard ASTM D6751 for biodiesel has also been determined. There are some fundamental differences in
physical fuel properties such as density, viscosity and cetane number between these two standards. Fuels that
do not comply with these standards are named as ethyl ester or methyl ester according to the type of alcohol
used in the transesterification method [7], [8].
Raw material cost is very important in biodiesel production. For this reason, the use of waste oils has come to
the fore in the selection of feedstock used in biodiesel production. Wastes are one of the most important
factors causing environmental pollution. In particular, domestic and factory waste cooking oils are collected
under the control of local governments in many countries and shipped to biodiesel facilities. Recently, a
slogan used by the authorities "1 liter of waste oil can contaminate 1 million liters of drinking water" reveals
the seriousness of the situation. In the researches, it was found that 25% of the water pollution consists of
used waste vegetable and animal oils. It is an extra positive situation that the choice of waste cooking oil as a
biodiesel raw material reduces environmental pollution [9]-[11].
Researchers have used biodiesel purely or mixed with diesel fuel in certain proportions as a fuel in diesel
engines and examined its effects on performance, combustion and exhaust emissions. According to the results
of these studies, they stated that biodiesel generally reduces engine performance and increases NOx and CO2
emissions, although it reduces CO, HC and smoke emissions. For this reason, different methods have been
applied to increase the performance of biodiesel and especially to reduce NOx emissions. Other than engine
modification or the use of an additional system, the simplest and most important methods are additional
additives and ternary fuel mixtures. In general, nanoparticles such as titanium dioxide, magnesium and
aluminum were used as performance enhancing fuel additives, and bioalcohols such as ethanol, methanol and
butanol were used to reduce NOx. These additives are generally preferred because they are easily accessible
and can be mixed well. However, in recent years, with the increase in hydrogen production techniques and
the widespread use of biogas, it has been seen that performance and emission parameters can be improved by
using these gaseous fuels as additional fuel in diesel engines [12]-[17].
However, in recent years, studies on Reactivity Controlled Compression Ignition engines as a new generation
combustion method in reciprocating engines have been increasing rapidly. During RCCI combustion, wellmixed low-reactivity fuel and oxidizer (typically air) are compressed but not reaching auto-ignition. Later,
still during compression cycle, high-reactivity fuel is injected to form a local mixture of low- and highreactivity fuel. Finally, the whole fuel charge is ignited near top dead center of the piston by injection of highreactivity fuel. The RCCI combustion process requires two different fuels. Low-reactivity fuel gets injected
into the intake ports with low pressure during the intake stroke. High-reactivity fuel gets injected into the
cylinder with high pressure at the end of compression stroke. A throttle characteristic to Otto engines is not
needed. Because of compression ignition and lack of throttle control, RCCI resembles much the diesel
process. The dual-fuel RCCI can produce ultra-low NOx and soot emissions and higher thermal efficiency
compared to conventional diesel combustion [18]-[23].
In this study, biodiesel produced from waste frying oil was mixed with acetylene at certain ratios in the
cylinder of a diesel engine and used as fuel. At the end of the study, it was aimed to reduce environmental
pollution by using waste oil as a biodiesel raw material, and to improve engine performance and exhaust
emissions with RCCI combustion mode. It is also to show the usability of biodiesel directly in diesel engine.
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2. MATERIALS AND METHODS

The technical specifications of the 3-cylinder and direct injection diesel engine used in the experiments are
presented in Table 1.
Table 1. Specifications of test engine
Stroke number
Total cylinder volume
Bore x Stroke
Compression ratio
Maximum engine power
Maximum engine torque

4
1028 cc
75 mm x 77.6 mm
22.8:1
19.5 kW (26.5 Hp) @ 3000 rpm
66.2 Nm @ 2200 rpm

Waste frying oil, which is used as a raw material in biodiesel production, was collected from university
cafeterias and was used only for frying vegetable products (potato, eggplant, carrot, pepper, etc.). The
collected oils were filtered through special filters and the foreign particles in it were cleaned. In addition, the
water in it was removed by keeping it at constant temperature at 90-100 oC for about 6 hours. Then, pure
waste frying oil was converted to biodiesel by transesterification method. During transesterification, methanol
was used as alcohol and sodium hydroxide was used as catalyst. Some fuel properties of the produced
biodiesel are shown in Table 2. Industry grade acetylene was used as low reactivity fuel in RCCI combustion
mode. The properties of the acetylene used are also given in Table 2.
Table 2. Properties of test fuels
Properties
Formula
Density, kg/m3@20oC
Lower Heating Value, kJ/kg
Viscosity, mm2/s@40oC
Cetane Number

WOFB
C17H33O2
0.831
39.85
4.595
57.67

Acetylene
C2H2
1.095
48.16
-

Measurement of exhaust gas emissions was carried out with the gas analyzer device, the characteristics of
which are given in Table 3. The measurement calibration of the device was made and the measurement probe
was placed at the exhaust pipe outlet.
Table 3. Measurement characteristics of gas analyzer
Measurement
CO
HC
NOx
Smoke

Units
0.001 vol. %
1 ppm
1 ppm
0.1 vol. %

The tests were carried out in the experimental setup shown in Figure 1, at an engine speed of 2200 rpm at
which the maximum torque value was obtained and at four different engine loads (15-30-45-60 Nm). While
the engine tests were being carried out, the measurement of fuel consumption was provided by electronic
flow meters, and the amount of fuel to be sent to the cylinder was provided by the electronic control unit
developed according to the value read from these flow meters. The amount of fuel sent to the cylinders was
calculated as 30% acetylene and 70% biodiesel of the calculated energy amount per unit power at each engine
load. Acetylene ratio above 30% caused a significant decrease in engine performance.
The calculated fuel consumption and the calculated power and specific energy consumption values for each
load at 2200 rpm engine speed are presented in Table 4.
Table 4. Engine performance values at 2200 rpm
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Load, Nm

Power, kW

Fuel Consumption, kg/h

BSEC, MJ/kWh

15
30
45
60

3.455859252
6.911718505
10.36757776
13.82343701

0.501445
0.761979
0.915083
1.088365

20.816046
15.815668
12.6623375
11.295084
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Figure 1: Experimental setup

The calculation of the amount of energy that can provide the engine power obtained at each engine load is
determined by the formula (1) below.
!! ∗#.%

&'()∗*+,

(1)

∗"

Where, Pe; engine power, BSEC; brake specific energy consumption, Hu; fuel lower heating value and φ;
shows the fuel ratio.

3. RESULTS
The exhaust gas temperature value shown in Figure 2 is one of the important indicators in the formation of
combustion and exhaust emissions in the cylinder. With the addition of acetylene, an average of 3.59%
decrease was observed in the exhaust gas temperature values. This decrease can be explained by the fact that
the addition of acetylene decreases the volumetric efficiency and thus the temperature at the end of
combustion.

Figure 2: Exhaust gas temperature values

CO is a highly toxic gas and is a gas that directly threatens human health. During combustion, the low amount
of oxygen in the environment is the most important reason for the formation of CO gas. Figure 3 shows the
CO emission values measured during the experiments. Although the addition of acetylene caused a decrease
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in volumetric efficiency and a decrease in the amount of oxygen in the cylinder, the low number of C atoms
in acetylene caused an average of 6.85% reduction in CO emissions at the end of combustion.

Figure 3: CO emissions values

HC is also a toxic gas that threatens human health. HC is caused by the incomplete combustion of the fuel
due to different reasons such as insufficient oxygen, untimely ignition, and inappropriate flame speed. Since
acetylene's homogeneous distribution in the cylinder due to its gas form and high combustion rate increases
the combustion efficiency, HC emissions are reduced by approximately 10.41% on average, as can be seen in
Figure 4.

Figure 4: HC emission values
Nitrogen and oxygen are two gases that react at very high temperatures. The high temperature caused by
combustion in the cylinder causes these two gases to react and form gas forms such as NO, NO2 and NO3.
The sum of these gases is called NOx. NOx is a greenhouse gas that causes acid rain. The use of acetylene
has reduced the NOx emission value, as can be seen from the decrease in the exhaust gas temperature. In
addition, as the decrease in volumetric efficiency decreases the amount of oxygen taken into the cylinder, a
decrease of approximately 8.1% was observed in NOx emissions, as shown in Figure 5.
Smoke density is determined by the absorption coefficient k determined by Bosch. Smoke darkness is an
indicator of the quality of combustion in the cylinder, especially in diesel engines. The more complete the

772

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
combustion, the less the smoke will be. Since the homogeneous distribution of acetylene in the cylinder and
high combustion energy increase the quality of combustion, an average of 5.61% decrease was observed in
the smoke darkness values. Figure 6 shows the smoke density values of the test fuels.

Figure 5: NOx emission values

Figure 6: Smoke opacity values

4. CONCLUSIONS
By using waste frying oils as diesel engine fuel, the direct release of these oils to the nature and their damages
will be significantly reduced. Of course, these fuels must be attractive to users, especially in terms of priceperformance. In addition, being environmentally friendly is one of the most important factors.
In this study, the RCCI approach combustion model was used to improve the environmental effects of
biodiesel produced from waste frying oil and to increase engine performance. Thanks to this model, while
significant reductions in emissions were observed, it was determined that the reduction in engine performance
due to biodiesel improved slightly due to the high LHV of acetylene.
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Effect of Torrefaction Pretreatment on
Combustion Behavior of Different
Agricultural Wastes
Neslihan Duranay1, Melek Yılgın2, Ercan Aydoğmuş3
Abstract
In this study, which was carried out to investigate the effect of the torrefaction process on the combustion
behavior of agricultural wastes, the outer and inner shells of almonds, olive seeds, and corn stalks were
used as agricultural waste. Torrefaction was applied to the samples dried in a laboratory atmosphere for
41 minutes at 300±5 ºC. The change in fuel properties was determined by making proximate analyzes of
the solid product obtained after the process and compared with the raw sample. The effects of the
torrefaction process on the combustion behavior of agricultural wastes of different structures were
investigated by burning the 1± 0.15 weighted raw and solid product samples at 700 ºC furnace initial
temperature in a fixed bed system. Obtained results showed that solid fuel similar to coal can be
produced by the torrefaction process applied to agricultural wastes and it can be burned instead of coal
or mixed with coal in coal-fired systems. Thus, it will both contribute to the national economy and add
value to waste that causes problems in storage and transportation.
Keywords: Agricultural waste, torrefaction, combustion, energy recovery.

1. INTRODUCTION
The increase in greenhouse gas emissions caused by the burning of fossil fuels, and the resulting increase in
global average temperatures, has become a very important problem with its impact on human health,
environment, and climate conditions. This is due to the overuse of fossil fuels as a primary energy source. In
United Nations, it was emphasized that the provision of a green environment and energy is one of the most
important priorities while determining the targets for 2030. Using green energy will help reduce over-reliance
on fossil fuels and create an eco-friendly environment. Also, studies have shown that traditional energy
sources (fossil, coal, etc.) tend to run out; therefore, there is a need to seek an alternative to ensure a
continuous supply of energy to consumers [1]. Present renewable energy options include hydro, geothermal,
tidal, solar, wind, and biomass energy. Biomass, one of the renewable energy options, has sustainable and
promising properties. This is because biomasses are abundant in different forms-woody (forest wood) and
1
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non-woody (agricultural). Biomass is the 4th largest primary energy source after oil, coal, and natural gas
[2,3].
Grown energy crops and residues/waste are defined as agricultural biomass. It is thought that the residues
obtained from agricultural activities will soon be one of the most important energy sources. It is reported in
the literature that the annual agricultural waste produced globally is approximately 2000 billion tons [1]. This
waste is mostly formed in regions with intensive agricultural activities. Usually, these wastes are dumped in
the fields or burned. [4]. This causes environmental problems such as greenhouse gas emissions. Conversion
of these wastes into usable energy will make an important contribution to the protection of the environment.
For agricultural wastes to be used effectively and efficiently in energy production, pre-treatment is required.
These processes are carried out to reduce problems such as low calorific value and bulk density, high
moisture content, transportation, and storage, which limit the use of agricultural waste as a direct fuel.
Various processes are applied to eliminate the disadvantages of biomass to be used in energy production.
These are thermal, physical, biological, and mechanical processes [4,5]. Thermal processes are generally the
process of heating biomass in an inert or oxygen-deficient environment. Examples of heat treatment are
gasification, pyrolysis, carbonization, and torrefaction [5,10]. These methods differ in operating temperatures.
Torrefaction is a thermal pretreatment technique that operates at temperatures as low as 200-300 °C, usually
under inert conditions and at a heating rate not exceeding 50 °C/min. Waste recycling by torrefaction is an
important alternative for the sustainable management of both waste and energy and improves the undesirable
properties of agricultural wastes that hinder their thermal treatment. As a result of this process; a hydrophobic
solid with increased energy density is produced that can be easily ground, processed, and transported. Unlike
conventional pyrolysis coal, which is characterized by an energy efficiency of 55-65 %, torrefied solid
typically retains 90 % of the initial energy contained in the main fuel and is suitable for combustion, coincineration, and gasification applications [1,6,7].
In this study, which was carried out to investigate the effect of the torrefaction process on the combustion
behavior of agricultural wastes, the almond shells and hulls, olive stones, and corn stalks were used as
agricultural waste.

2. MATERIALS AND METHODS
2.1. Preparation of Samples
In the experiments, almond hull and almond shells, olive kernel, and corn stalk residues were used as
agricultural waste (Figure 1). Samples obtained from manufacturers were dried in a laboratory atmosphere.
Some of the dried samples were cut down (eg, corn stalk) and ground for use in the proximate analysis.

Figure 1. Agricultural waste samples

2.2. Torrefaction Experiments
Torrefaction experiments were performed in a laboratory-scale pyrolysis system given in Figure 2. The
pyrolysis system consists of a PID-controlled, 40 cm outer diameter and 30 cm long cylindrical tube furnace
(18cm´18cm´20cm inner volume) and a double condenser for collecting the liquid product. In condensers,
cooling was done with water.

Figure 2. Schematic drawing of the pyrolysis system used in experimental studies
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After the system was prepared, 10 g of biomass sample was placed in the furnace and heated to the operating
temperature with a heating rate of 10 ºC/min. When the operating temperature reached 300 ± 5 ºC, it was
torrified at constant temperature for 41 minutes (working temperature and residence time were determined by
preliminary experiments and response surface methodology (RSM). The Torrefaction process was carried out
in the atmosphere of volatile matter formed as a result of heating without passing air or inert gas through the
system. At the end of the residence time, the heating was stopped and the system was cooled for 30 minutes.
The solid product yield was calculated by weighing the biochar samples removed from the furnace and
completely cooled.

2.1. Combustion Experiments
The effects of the torrefaction process on the combustion behavior of agricultural wastes were investigated by
burning the 1g ± 0.15-weighted samples of the raw and torrefied biomass particles at the starting temperature
of the furnace at 700 ºC in the fixed bed system.
Combustion experiments were performed using the system shown in Figure 3. It consists of 35 mm inside, 82
mm outside diameter, and 122 mm height vertically grooved refractory chamber holding electrical heating
elements. A circular refractory lid is placed on top of the chamber. A 30 mm diameter stainless steel wire
mesh basket fitted to the top end of a 1.4 mm diameter and 250 mm length stainless steel rod was situated
vertically in the chamber. The bottom end of the rod is fitted to a square-shaped stainless steel plate standing
on a top balance with ± 1 mg sensitivity. A mirror of the same shape is also placed on this plate to observe the
events inside the basket during the combustion experiments. Heating and temperature control of the chamber
were accomplished by using a variable output voltage transformer, and a NiCr thermocouple positioned just
over the basket in the chamber. Before the experiments, the chamber was heated first to working temperature
by transformer control. Then, the sample was dropped in the basket, time recording started and the first mass
reading was taken. The mass of samples was recorded at 5 s intervals during volatiles and subsequent char
combustion periods. In addition, onset and disappearance times of volatiles flame and later fading of glowing
char were recorded with the help of the mirror. Volatiles and char combustion rates were calculated from their
respective mass loss profiles and defined in terms of average slopes and the initial amounts: R = (1/W0)·(dW/
dt), where W0 is the initial amounts of proximate volatile matter or fixed carbon of the sample. Each
experiment was repeated at least three times, and the mean values of the results were reported.

Figure 3. Combustion system: 1-Refractory brick 2-Wire mesh basket 3-Burning pellet 4-Heating elements 5Thermocouple 6-Top balance 7-Support plate 8-Basket rod 9-Mirro 10.Voltage transformer

3. RESULTS AND DISCUSSIONS
3.1. Torrefaction Results
In Table 1, the product distribution of agricultural wastes that were torrefaction treated is given. It was
determined that hard woody wastes such as almond shells and olive kernels had higher solid product yields. It
was observed that the solid product yields of almond hull and corn stalk, which are more flexible and fibrous,
were lower. This result shows that the torrefaction yield depends on the type of biomass. It was observed that
the woody biomass was more difficult to decompose when thermal treatment was applied, and therefore the
amount of solid product was high, while the fibrous biomass was broken down faster when thermal treatment
was applied, and more liquid + gaseous products were obtained. This is because the compounds forming the
lignocellulosic structure have different decomposition temperatures. It has been stated that hemicellulose,
which forms the lignocellulosic structure, decomposes in the temperature range of 225-325 °C, cellulose at
305-375 °C, and lignin at 250-500 °C. When the biomass is heated, hemicellulose starts to decompose first
and the amount of liquid and gas product increases as the amount of hemicellulose in the structure of the
biomass increases.
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Table 1. Torrefaction yield (300 ± 5 ºC for 41 min.)
Sample
Almond hull
Almond shell
Olive kernel
Corn stalk

Solid %
53.4
80.8
78.4
43.7

Liquid and gas
46.6
19.3
21.7
56.4

Proximate analysis results of raw and torrefied biomass are given in Table 2. As a result of the applied
torrefaction process of all samples, it was determined that while the volatile matter ratio decreased, the ash
and fixed carbon ratios increased. It was determined that the volatile matter ratio of almond shell and olive
kernel with a high solid product ratio decreased by 9 % and the fixed carbon ratio increased in the range of
30-55 % after the torrefaction process.
As a result, it can be said that a small part of the volatile compounds is separated from the woody biomass
during torrefaction and the remaining part remains in the biomass, thus increasing the solid product yield. On
the other hand, it was determined that the volatile matter contents of corn stalk and almond hull (which yields
low solids) decreased by 42 % and 32 %, respectively, and the fixed carbon contents increased by 309 % and
96 %, respectively. The results of the short analysis show that the structure of the raw biomass affects the
composition of the products formed after torrefaction. As a result, it is estimated that the corn stalk is fibrous
and decomposes faster as a result of thermal treatment, and therefore the hemicellulose content is higher than
the other samples.
Table 2. Proximate analysis data of raw and torrefied samples
Sample
Almond hull
Torrefied almond hull
Almond shell
Torrefied almond shell
Olive kernel
Torrefied olive kernel
Corn stalk
Torrefied corn stalk

Volatile matter %
76
52
85
77
80
73
85
49

Ash %
6.5
13.7
0.3
0.4
1.0
1.7
4.2
6.8

Fixed carbon % *
17.5
34.3
14.7
22.6
19.0
25.3
10.8
44.2

* Determined from the difference

3.2. Combustion Results
The combustion times of raw and torrefied biomasses determined in the fixed bed combustion system at
700ºC are given in Table 3. It was determined that the combustion times of the four biomass increased after
the torrefaction process, although they had different structures. When the fuel is heated, first moisture and
then low molecular weight compounds begin to separate. When these separated compounds reach a certain
concentration around the fuel, they ignite with the effect of oxygen in the environment. This time until the
flame appears is called the ignition time. It was determined that the critical ignition concentration was
reached later and the ignition times increased because the volatile matter ratio decreased after the torrefaction
process.
The time from the appearance of the flame to its disappearance is defined as the volatile substance burning
time. Volatile combustion with visible flame is related to the evolution and burning of volatile matter around
the particle and is sustained with sufficient hydrocarbon concentration [8,9]. Volatile matter burning time was
also found to be longer in torrefied biomass. This is due to the porous structure formed after torrefaction.
Table 3. Combustion times of raw and torrefied biomass (700 ºC)
Sample
Almond hull
Torrefied almond hull
Almond shell
Torrefied almond shell
Olive kernel
Torrefied olive kernel
Corn stalk
Torrefied corn stalk
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Ignition (flame
onset) time (s)
3.3
5.2
5.0
11.5
3.1
11.0
5.0
2.4

Volatiles combustion
(flame) time (s)
29.6
36.2
12.5
52.0
29.2
46.2
26.7
11.8

Carbon combustion
time (s)
180.1
325.1
141.1
385.5
180.2
381.0
111.2
208.0
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The length of time for carbon combustion is taken as the period between disappearing times of visual
volatiles flame and fading of glowing char during combustion. It was determined that the carbon burning
period of the torrefied samples was longer and more stable.
Mass loss curves of raw and torrefied samples during combustion are illustrated in Figure 4 for four samples.
All these curves have two distinct regions recognized as volatiles and char combustion periods with different
slopes from which respective volatiles and carbon combustion rates can be estimated. Volatile matter
combustion and carbon combustion period are seen in both graphs. Although the carbon burning period of the
raw samples was close to each other, it was determined that the torrified samples behaved differently in the
carbon burning periods.

Figure 4. Mass loss curves of raw and torrefied samples

Numerical values of volatiles combustion rates represented by the slopes of the first regions of mass loss
curves for raw and torrefied samples are given in Table 4. The magnitudes of the correlation coefficients (R2)
for linear fit indicate that the results are acceptable. It was determined that the volatiles burning rates of the
torrefied samples were lower than the raw samples. This result explains the increased volatiles burning time
after torrefaction. The obtained data show that the volatiles near the surface are left from the biomass during
torrefaction and when the formed biochar is burned, the volatiles remaining in the interior leaves the particle
more slowly and for a longer time. In this case, it can be said that the energy of the volatiles, which
constitutes 50-75 % of the biochar, can be obtained in a more controlled.
The carbon combustion rates calculated from the second part of the mass loss curves are also given in Table
4. It is seen that the correlation coefficients (R2) showing linear fit in the carbon combustion period are quite
high and the results are acceptable. It was determined that the carbon of the biochar obtained after torrefaction
burned more slowly and for a long time. This is expected behavior. Because the times required to burn coals
practically depend on the rate of combustion and the amount of carbon, as well as the type and relative
amounts of other components and their morphology [8]. It was determined that the carbon combustion period
was more stable since the carbon ratio and porosity of the biochar obtained after torrefaction was increased.
Table 4. Combustion rates of raw and torrefied biomass (70 ºC)
Sample
Almond hull
Torrefied almond hull
Almond shell
Torrefied almond shell
Olive kernel
Torrefied olive kernel
Corn stalk
Torrefied corn stalk

Volatiles combustion rate
(s-1)´103
33.2
21.2
26.8
15.6
34.3
23.2
35.4
22.8

R2
93
76
89
80
95
88
95
91

Carbon combustion rate
(s-1)´103
5.8
4.5
5.7
3.5
5.9
3.3
10.0
6.9

R2
98
99
99
99
99
97
94
92
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4. CONCLUSIONS
The observations on the effect of the torrefaction process applied to agricultural wastes of different structures
on the combustion behavior of the wastes lead to the following conclusions.
- It was determined that while the volatile matter ratio decreased with the applied torrefaction process, the ash
and fixed carbon ratios increased.
- Proximate analysis data show that the structure of the raw biomass is effective on the compositions of the
products formed after torrefaction.
- Although agriculture wastes have different structures, it was determined that the four biomasses burned
more stable and longer after the torrefaction process.
As a result, it has been shown that solid fuel similar to coal can be produced from agricultural wastes by
torrefaction and that it can be burned instead of or together with coal in coal-fired systems. Thus, it will both
contribute to the national economy and add value to waste.
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Energy and Climate Change
Nuray YILMAZ1, Meral YURTSEVER2
Abstract
Fossil fuels have been used to meet the increasing energy demand in the world and in our country after the
industrial revolution. The use of fossil fuels has caused water, soil and air pollution. In particular, CO2
gas originating from fossil fuel (coal, natural gas,) power plants has caused a global climate crisis by
showing a greenhouse gas effect in the atmosphere. In this study, the environmental effects of fossil fuel
energy sources and renewable energy sources were examined and the importance of energy policies in
greenhouse gas and climate change was mentioned especially for our country's 2030 and 2050 targets.
Keywords: Energy, Climate Change, CO2, Greenhouse Gas Effect, Environment, Turkey

1. INTRODUCTION
Energy is one of our most important needs, which is increasing rapidly today and will continue to increase in
the future. Rapid population growth, traffic density, urbanization and developments in industrialization all
affect energy consumption upwards and these cause environmental problems to reach increasing levels. [1]
CO2 gas formed as a result of the use of fossil fuels has caused the climate crisis by showing a greenhouse
effect in the atmosphere.
For this problem, which started towards the end of the 1980s, studies were carried out under the leadership of
the United Nations and international organizations, and the United Nations Framework Convention on Climate
Change (UNFCCC) was established in 1992 and the Kyoto Protocol (KP) in 1997. With the Paris Agreement,
which was last signed in 2015, contract decisions entered into force in 2020. With this convention, 2030 and
2050 carbon emission reduction targets of member countries have been determined. It is essential for countries
to quickly switch from fossil fuels to renewable energy sources for their carbon reduction and carbon neutral
goals. According to the 2020 IEA data in our country, although the share of renewable energy of 42% is above
the average of 28.7% of the G20 countries, it is behind countries such as Germany, England and Sweden.
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2. ENERGY RESOURCES AND ENVIRONMENTAL IMPACTS
As it is known, energy sources; Renewable Energy Resources are grouped under two main headings as NonRenewable Energy Resources. If we list the Energy Resources;
•

Renewable energy sources: Sun, Wind, Biomass, Geothermal, Hydraulic, Hydrogen, Wave tide

•

Fossil fuel energy sources: Coal, Oil, Natural gas, Nuclear

Greenhouse gases (GHG) are gaseous compounds that emit ultraviolet radiation in a certain thermal infrared
range. Greenhouse gases maintain high temperatures in the lower atmosphere, causing less heat to go back into
space. This then causes the greenhouse effect and global warming. The greenhouse effect is a natural process
that heats the Earth's surface to a temperature it would be above without an atmosphere. The intensity of the
greenhouse effect largely depends on the temperature of the atmosphere and the presence of greenhouse gases
in the atmosphere. Greenhouse gases are vital to support a habitable temperature for the Earth, as the average
surface temperature of the Earth would be about -18°C if there were no greenhouse gases in the atmosphere.
Common greenhouse gases found in the atmosphere include water vapor, chlorofluorocarbons (CFCs),
hydrofluorocarbons (HFCs), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and ozone (O3).
However, the researchers pointed out that the four main greenhouse gases that are attracting serious attention
on a global scale today are CO2, SO2, CH4 and N2O. While the most abundant greenhouse gas naturally found
in the atmosphere is water vapor, CO2 is the most emitted greenhouse gas. For this reason, different researches
and studies are carried out to reduce the CO2 rate in the atmosphere. A generalized classification of activities
leading to the release of greenhouse gases into the atmosphere is shown in Figure 1, while the main greenhouse
gases and their main sources are presented in Table 2. [2]

Figure 1. Classified sources of greenhouse gas emissions [2]

Table 1. Classification of Greenhouse Gas Emissions [2]

Greenhouse Gases

Sources

2019 Emissions ( % )

Carbon dioxide (CO2)

Burning of Fossil Fuels, Deforestation

76

Methane (CH4)

Combustion of Biomass, Agricultural Wastes

13

Nitrous Oxide(N2O)

Fertilizer Use

3

Sulfur Dioxide (SO2)

Combustion of Coal, Petroleum, Diesel fuels

7

Fluorinated Gases (CFCs, HCFs)

Coolers

1

According to Table 1, the burning of fossil fuels and deforestation in the atmosphere is the gas that causes the
most greenhouse gas effect in the atmosphere. CO2 was followed by methane. HFC Chlorofluorocarbons were
the least emitted greenhouse gases.After the 1970 industrial revolution, after the increase in industrial
production, there has been an increase of around 40% in the greenhouse gas rates in the atmosphere, especially
in the CO rate. Another reason for increasing the greenhouse gas effect is deforestation. [3]
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After stating these effects of fossil-based non-renewable energy sources, societies have sought to stop climate
change and minimize environmental problems, and the use of renewable energy sources has come to the fore.
Renewable energy sources are both much more environmentally friendly and simpler energy sources compared
to non-renewable energy sources.

2.1. CO2 Emissions from 1990 to 2019 on a Global Scale
According to energy sources, the average emission value belongs to lignite with 1054 CO2/Gwh greenhouse
gas emissions per ton. (See Table 2)
Table 2. Carbon emission values by energy sources 2018 [4].
Sources

Average Greenhouse
Gas Emission (Tons
CO2/GWh)

Emissions to a
Residence (kg
CO2/yıl)

Lignite

1.054

3,689

888

3,108

888

3,108

733

2,566

499

1,747

66

231

38

133

26

91

26
23
10

91
81
35

Imported Coal
Coal
Fuel Oil
Natural gas
Nuclear
geothermal
Biomass
Hydroelectric
Sun
Wind

The burning of fossil fuels, especially coal, is responsible for the increase in carbon dioxide in the atmosphere.
According to the IPCC, 56% of anthropogenic greenhouse gas emissions in 2004 belong to carbon dioxide from
fossil fuel use. (See Figure 2.) Deforestation also has a share of 17%.
Among the fossil fuels, "coal" is the main responsible. On a global scale, 27% of primary energy demand is
provided by coal, while 43% of energy-related greenhouse gas emissions originate from coal. Coal is followed
by oil with 36% and natural gas with 20%. Coal releases 1.7 times more CO2 than natural gas per unit of energy
produced [5].

Figure 2. Global greenhouse gas emissions (1990-2019) [6]]

784

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

2.2. Turkey's Greenhouse Gas Emission Statistics, 1990-2020
Table 3. GHG emissions by sector (million tons eq.) [7]
1990

2000

2010

2020

1990-2020 change(%)

Total Emission

219,7

299

398,7

523,9

138,7

Energy

139,6

216,0

287,8

367,6

163,3

23,0

26,3

49,0

66,8

190,5

Agriculture

46,1

42,3

44,4

73,2

58,8

Waste

11,1

14,3

17,4

16,4

48.0

Industrial processes
product use

and

If we examine greenhouse gases as types of emission gases; The largest share in CO2 emissions was again
energy-based emissions. (See Table 3 )
Of total CO2 emissions in 2020, 31.6% comes from electricity and heat generation, 85.4% from the energy
sector, 14.2% from the industrial processes and product use sector, and 0.4% from the agriculture and waste
sectors. is welded.
61% of CH4 emissions are from agriculture, 22.1% from waste, 16.9% from energy and 0.02% from industrial
processes and product use sectors(1); 80.3% of N2O emissions originate from agriculture, 9.1% from energy,
5.6% from waste and 5% from industrial processes and product use sector [7].
In accordance with the National Energy Policy adopted in 2017, Turkey gives the main priority to the
development of renewable energy resources and accordingly increasing the use of domestic and renewable
energy resources. [8]

2.3. Turkey’s Energy Policies
In accordance with the National Energy Policy adopted in 2017, Turkey gives the main priority to the
development of renewable energy resources and accordingly increasing the use of domestic resources and
renewable energy resources. [8]
With this, it has been decided to use nuclear energy in energy production in order to meet the increasing energy
demand and to reduce foreign dependency in energy and environmental effects. In this framework, the
construction of Akkuyu Power Plant, Turkey's First Nuclear Power Plant, continues.
When we examine the energy supply development of Turkey over the years; While the installed power value
based on Natural Gas, Petroleum and Renewable energy resources increased between 2009-2021, the highest
increase was achieved with the increase in installed power based on fossil resources (See Figure 2). Between
the same years, an increase of 12.1 GW was achieved with natural gas-based technology and 9.7 GW with coalbased technology. As a result of the decrease in market prices after 2014-2015, the installed capacity based on
these fuel types did not increase any more, and the investment rate based on such technologies slowed down.
Turkey generated 58% of its electricity from fossil fuels in 2020, with coal constituting about a third (35%) of
the total. This large share of fossil fuels, and coal in particular, is unlikely to change as Turkey has a large
pipeline of additional coal capacity coming online in the medium-term. Renewables contributed 42% of the
electricity generation mix in 2020, and the proportion has increased at a faster rate (37%) than the G20 average
increase (24%) between 2015-2020.
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(Figure 3.) Distribution of electricity generation in Turkey by the end of 2020 (Climate Trancparency, 2021)

There is no nuclear energy production in our country. There is the Akkuyu nuclear power plant project in
Mersin, the project of which is still ongoing. The project is aimed to meet 10% of Turkey's energy needs.

3. CONCLUSION
The recent energy policy of our country is to encourage domestic and renewable energy. In this context, thermal
power plants have been built in regions where there are various lignite mines. Due to the production process in
thermal power plants, CO2 gas is released as a result of combustion and causes the greenhouse gas effect.
According to the calculations, the energy source with the highest greenhouse gas effect is coal. Therefore,
countries need to review their coal-based energy production in order to reduce the greenhouse gas effect.
In order for our country to reach the Paris Climate Agreement 2030 targets and 2050 net zero emission level,
it is necessary to add energy sources such as wind and solar to the existing hydro renewable energy sources.
Again, hybrid systems are included in the scope of government incentives for energy continuity. In addition,
with the new regulations, studies have been started for the use of electric vehicles in transportation. It is aimed
to reduce the greenhouse gas effect with the use of electric vehicles in transportation.
Therefore, in the light of all these, our country and other countries that cause greenhouse gas emissions should
regulate their energy policies in line with the 2030 and 2050 targets. At the same time, on a personal scale,
people need to be informed about how and what they can do to reduce the greenhouse gas effect. Again, the
transition to renewable energy sources in mobilization should be accelerated by providing incentives to
renewable energy sources according to regions by the state on the basis of housing.
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Evaluation of Avocado Peel Biochar for
Methyl Orange Adsorption
İlayda Dilara Ünlü1, Anıl Tevfik Koçer1, Benan İnan1 and Didem Özçimen1*,
Abstract
Adsorption is one of the most effective, cheapest and easiest methods used in wastewater treatment. In
this method, pollutants such as dyes and heavy metals called adsorbate, are separated from the aqueous
environment and adsorbed to the surface of materials called adsorbent. In this process, the selection of
materials to be used as adsorbent is very important. The surface area of these materials should be large
and porous, and the material should be inexpensive and easily available. In this context, biomass wastes
which have high potential for usage in industrial applications, are very suitable sources for adsorbent
production. In this study, the potential of using biochars produced from avocado peel waste at different
temperatures in methyl orange removal was investigated. In the first stage of the study, biochar
production from avocado peel was carried out under different temperature conditions (400, 500 and
600°C), and the characterization of the obtained biochars was performed. In the second stage, avocado
peel biochars were used for methyl orange adsorption and adsorption kinetics were determined. As a
result of the study, while the highest methyl orange removal was achieved using biochars produced at
600°C; the lowest methyl orange removal was determined using raw avocado peel. According to these
results, it was seen that biochars produced from avocado peel are quite suitable to be used as adsorbent.
It can be reported that, the methyl orange removal efficiency can be improved by optimizing the
production of avocado peel-based adsorbents and the adsorption process.
Keywords: Avocado peel, biochar, adsorption, methyl orange

1. INTRODUCTION
Water pollution becomes more dangerous with the development of industry [1]. Water has an important place
for life. The increase in water pollution both threatens living things and causes a decrease in freshwater
resources. According to the World Health Organization, 80% of diseases are pass through water and 14,000
deaths per day are due to contaminated water [2]. About 10,000 articles in PubMed in 2021 are about water
pollution, but only 1,000 articles offer solutions. These articles are about the dyes (kinds of synthetics and
organics) and other pollutants released into the environment by industries such as leather, plastic, food
processing, cosmetics, textile and paper [3]. Removal of the dyes used in these industries is crucial due to the
fact that they are carcinogenic, toxic and mutagenic [4,5], However, the chemical structures of dyes are often
synthetic, making them more stable to light and oxidation, while they are difficult to biodegrade and with
high pigment content, they are harmful to living organisms [6,7]. In addition, it has been reported that 72% of
water pollution arises from textile dyes and 30% of the polluted water cannot be treated. Methyl orange
1
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(MO); is one of the most common dyes used in many fields such as textile, paper, printing and food industries
[5].
There are many biological, physical and chemical methods such as adsorption, photocatalytic degradation,
biological/aerobic treatment, chemical coagulation, precipitation, ultrafiltration and ionizing radiation for the
removal of pollution. Among these methods; the adsorption is easy and cheap, and it can be obtained from
different wastes, and the method is easy to design and operate [8,9]. However, adsorption needs to be
improved in the purification and stabilization of pollutants [7].
Different methods and materials can be used to produce the adsorbent such as banana peel, potato peel, apple
peel, lemon peel, grape waste and avocado peel fruit-vegetable wastes [10]. Every year, approximately 1.3
billion tons of food is waste and 40-50% of these are fruit-vegetable waste. Therefore, the valorization of
these wastes can help for cleaning the environment. Valorization of waste can both prevent the pollution of
the environment and help to purify the water. Adsorbents can be biosorbents ( such as; algae, bio-hydrogels
and bio-nanocomposites), carbon nanotubes (CNTs), activated carbons, clays, polymers, nanoparticles and
biochars [3]. Biochar is a functional and porous adsorbent, produced at high temperatures in oxygen free
environment. Generally, forest and agricultural wastes are widely used in the production of biochar.
In this study, biochar produced from avocado peel at different temperatures was used as adsorbent for the
adsorption of methyl orange from aqueous solution.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of the Adsorbents
The avocado peel wastes used in this study were obtained from a local market in Istanbul. Avocado peel
wastes were washed and dried at 70°C overnight, then cut into small pieces and stored in a desiccator for
characterization, carbonization and adsorption experiments.
In the production of biochar, the carbonization furnace and apparatus specified in Koçer et al. [11] were used.
Approximately 10 grams of avocado peel samples were placed in a ceramic crucible and placed in the
carbonization furnace. Before starting the carbonization process, 99.99% pure nitrogen gas was sent to the
furnace at a flow rate of 300 mL min-1 in order to sweep the air inside the furnace. The reaction took place at
400, 500 and 600°C final temperature, heating rate of 20°C min-1 and 15 minutes residence time at final
temperature and 300 mL.min nitrogen gas flow conditions. Obtained biochars were stored in a desiccator to
be used in characterization and adsorption experiments.
Proximate analysis and FTIR analysis were performed for the characterization of raw biomass waste and
biochar samples produced at different temperatures. Bruker Alpha FTIR spectrometer was used for FTIR
analysis. In the FTIR analysis, the functional groups of the samples were determined between 4000 – 500 cm1 wavenumber. TA Instruments SDT Q600 thermogravimetric analyzer was used for proximate analysis.
With the proximate analysis, the moisture, volatile matter (VM), fixed carbon (FC) and ash contents of the
samples were determined according to the procedure by Garcia et al. [12].

2.2. Adsorption Experiments
For the adsorption experiments of methyl orange dye (Merck Millipore), the procedures and mechanisms
specified in Yetilmezsoy et al. [13] were used. In batch adsorption experiments, 40 mg adsorbent and 10 mL
methyl orange solution at 100 mg/L concentration were used. Adsorption experiments were carried out at 25
°C temperature, 200 rpm shaking speed and 120 min residence time conditions. For the kinetic calculations,
the absorbance of the methyl orange solution at the 5th, 15th, 30th, 60th, 90th and 120th minutes was
measured with a PG Instruments T60 UV-Vis spectrophotometer at a wavelength of 465 nm. The
concentrations of the dyes remaining in the solution without adsorption were calculated with the help of the
dye concentration-absorbance graph of the standard solutions. The amount of adsorbed dye was calculated
according to the equation given below [13]:
!=

("! #"" )
%

(1)

In this equation, q, C0, Ct and R values are adsorption capacity (mg/g), initial dye concentration (mg/L), dye
concentration at time t (mg/L) and adsorbent amount (g/L), respectively.

2.3. Adsorption Kinetics
Adsorption kinetic parameters were determined according to the pseudo-first-order and pseudo-second-order
models given in the equations below [13]:
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where qe and qt are the amounts (mg g-1) of RBBR adsorbed onto the adsorbents at the equilibrium and at the
time of t, respectively, while k1 and k2 are the kinetic rate constants for the pseudo-first-order (1 min-1) and the
pseudo-second-order (g mg-1 min-1) adsorption processes, respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Adsorbents
The proximate analysis results of raw avocado peels and their biochar samples produced at different
temperatures are summarized in Table 1. According to this table, while the moisture and volatile matter
content of raw biomass is quite high compared to that of biochars; fixed carbon and ash contents are lower.
The moisture, volatile matter, fixed carbon and ash contents of the raw biomass were calculated as
approximately 9%, 66%, 14% and 22%, respectively. Another result that can be drawn from this table is that
while the VM content of the chars decreases with the increase of the pyrolysis temperature; FC content
increases. When the studies in the literature are examined, it is seen that these results are similar to the
literature [14].
Table 1. Characterization of avocado peel and biochar samples
Raw

400Char

500Char

600Char

Moisture Content (%)

8,65

3,22

3,56

3,05

Volatile Matter Content (%)

66,37

31,39

22,61

14,52

Fixed Carbon Content (%)

13,58

35,52

45,32

51,65

Ash Content (%)

11,40

29,87

28,51

30,78

FTIR spectra of biomass and biochar samples are shown in Figure 1. When the spectrum of raw biomass is
examined, it is seen that, it has significant differences from the spectrum of chars. In the spectrum of raw
biomass, the broad peak at 3300 cm-1 indicates OH stress due to phenolic content or moisture [15] . While
the two peak symmetrical and asymmetrical show CH stretches between 3000 and 2900 cm-1; the peak
between 1600 and 1500 cm-1 indicates N-H deformation due to proteinic structure [16]. The large peak at
1020 cm-1 indicates C-O stretching due to the carbohydrate content of the biomass [17]. None of these peaks
was observed in the raw biomass spectrum. The peaks at 1400 cm-1, 1100 cm-1 and 800 cm-1 seen in the
spectra of biochar samples are caused by C–N stretch, C–O–C stretch, CH out-of-plane deformation,
respectively [16]. When the FTIR spectra were compared with each other, it was seen that the high
temperature in the pyrolysis process causes the transition from aliphatic to aromatic structure, aromatic ring
formation and H deformation [18]. During the carbonization process, while the OH and CH stretching peaks
decreased, the C = C stretching peaks increased [19].
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Figure 1. FTIR spectra of raw and biochar samples

3.2. Kinetics

Adsorption capacity (mg/g)

The methyl orange adsorption capacity of raw biomass and their biochar samples produced at different
temperatures are shown in Figure 2. According to this figure, the highest capacity of dye removal occurred
when the biochar produced at 600°C (approximately 10 mg/g); the lowest dye removal (approximately 1
mg/g) was observed when the raw biomass sample used. In addition, it is seen that dye adsorption capacity
increases as the production temperature of biochars increases. This can be explained by the transformation of
biochars into a more porous structure as the temperature increases [18]. Another conclusion that can be drawn
from this table is that the dye removal takes about 30 minutes, and the dye removal rate decreases
considerably after the 30th minute. In some biochar samples, adsorption continued after 30 minutes, albeit
slightly; desorption has occurred in some of them and this situation is similar to the studies in the literature
[20, 21]. The adsorbents and dye removal percentages used in methyl orange removal in the literature are
summarized in Table 2.
12
10
8

Raw

6

400char

4

500char

2
0

600char
0

50

100

150

Time (min)
Figure 2. Adsorption capacities of raw and biochar samples
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Table 2. Removal percentages of methyl orange

Adsorbent or method

Removal Percentage

Referances

Millimeter-sized chitosan/carboxymethyl cellulose
hollow capsule

>35%

[22]

Grewia venusta peel

85%

[23]

Aspergillus iizukae 605EAN

84,90%

[24]

Activated carbon

85%

[25]

Coagulation and flocculation

93%

[26]

Pseudo-first-order kinetic model and Pseudo-second-order kinetic model results calculated for the adsorption
of methyl orange dye on raw avocado peel and their biochars are summarized in Table 3. According to this
table, although the R2 values are quite suitable, the PFO kinetic model is not suitable because the calculated
qe values are not in agreement with the experimental results. The qe values obtained with the PSO kinetic
model are closer to the experimental results and the R2 values confirm this situation. Therefore, the
adsorption can be estimated more appropriately by the pseudo-second-order kinetic model for all adsorbents
[1, 18, 21].
Table 3. Pseudo-first-order and Pseudo-second-order kinetic models

PFO

PSO

qe

K1

R2

qe

K2

R2

Raw

4,795

0,109

0,977

1,913

0,019

0,980

400Char

68,381

0,181

0,935

5,565

0,010

0,978

500Char

798,392

0,276

0,915

8,772

0,006

0,969

600Char

3148,873

0,331

0,922

11,976

0,004

0,967

4. CONCLUSION
Methyl orange adsorption from an aqueous solution by raw avocado peel and its biochar samples was
investigated in this study. According the obtained results, the highest adsorption performance (9.63 mg g-1)
was achieved by using 600Char. On the other hand, using raw avocado peel for adsorption resulted in low
adsorption performance (1.43 mg g-1) among the four samples. Adsorption kinetics were described better by
the PSO model rather than PFO model. As can be seen from the results, adsorption capacities of the raw and
carbonized avocado peel are not so preferable in comparison with the literature studies. However, adsorption
capacities of these materials can be improved by activation of these materials directly, or after carbonization
process. Therefore, it can be suggested that, further studies should be carried out to utilize these materials
which are considered as waste, and produce new adsorbents.
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Pyrolysis Characteristics and Kinetics of
Microalgal Residues
Anıl Tevfik Koçer1*, Gülcan Ayşin Karaca1, Beyza Karacaoğlu1 and Didem Özçimen1
Abstract
In recent years, advanced nanotechnological developments and the widespread use of nanoparticles in industry
have led to an increase in studies to increase nanoparticle production. In this context, the use of biochar as
precursors to produce carbon nanotubes, which is the one of the most important nanostructured materials because
of its unique properties, is one of these developments. Biochar is a coal-like material formed by the degradation of
cellulose, hemicellulose, and lignin structures in the structure of biomass at high temperature in an anaerobic or a
little amount of air environment and can be used as a precursor in the production of carbon nanotubes due to its
high carbon content. The aim of this study is to evaluate the oil-extracted Chlorella variabilis microalgae residue
in biochar production by pyrolysis and to use the produced biochar’s as a precursor in carbon nanotube synthesis
by microwave irradiation method. In this way, sustainability will also be ensured. In addition, the behavior of this
residue during pyrolysis, pyrolysis kinetics and thermodynamic parameters are also determined by the
thermogravimetric method. In this context, biochar production was carried out at 500℃ temperature, 20℃/min
heating rate and 300 mL/min nitrogen gas flow. Pyrolysis kinetics and thermodynamic parameters were also
calculated by using the Kissinger-Akahira-Sunosa and Flynn-Wall-Ozawa methods. According to the results
which are obtained from experiments, it was understood that biochar produced from microalgae residues can be
easily used in the production of carbon nanotubes. In future studies, it is thought that more efficient nanotube
production can be realized by optimizing the production conditions or parameters of carbon nanotubes from
microalgal biochar’s and these produced nanotubes can be used in varied areas.
Keywords: Microalgal residue, Pyrolysis, Biochar, Thermogravimetry, Carbon nanotube

1.

INTRODUCTION

Carbon nanotubes (CNTs) are carbon allotropes that fold graphene sheets on themselves to form a well organized
cylindrical shape with a nanometer-sized diameter and high surface areas [1]. CNTs have electrical conductivity
ranging from semiconducting to superconducting. Other properties of carbon nanotubes are elasticity and
biocompatibility. Electrical properties can also vary in the same CNT, which can be used for various applications
[2,3]. CNTs can be carriers of anticancer molecules, immunoactive compounds, proteins, and genetic materials, as
well as be used in the delivery of genes and small molecules (RNA, DNA, and genes). Apart from these, CNTs have
the potential to be used in photothermal/dynamic therapy, microfluidics, tissue engineering, biosensors, and
infectious disorders [4]. CNTs can be categorized as either single-walled carbon nanotubes (SWCNTs) or multiwalled carbon nanotubes depending on the number of layers (MWCNTs) [5]. MWCNTs can be up to 100 nm in
diameter, while SWCNTs range in size from 0.3 to 3 nm. Compared to SWCNTs, the application of MWCNTs in
1*
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drug delivery systems is less widespread due to their high body accumulation. Nevertheless, it also offers benefits
over SWCNTs, such as not requiring catalysis for manufacture and having a high level of purity [6]. The most
important and frequently used approaches to developing CNTs are carbon vapour deposition, electric arc discharge,
and laser ablation. But there are multiple techniques for manufacturing CNTs [7]. One of these methods is to
synthesize CNT from biochars by the microwave irradiation method [8].
Globalization and other things have caused the atmospheric CO2 level to rise in recent years [9] and using fossil fuels
as an energy source, such as coal, natural gas, and petroleum, is one of the leading causes of this problem. However,
they have numerous drawbacks and lead to significant environmental problems such as air pollution, global warming,
carbon emissions, and alterations to the global carbon cycle [10]. Therefore, more environmentally friendly clean
energy sources such as solar, wind, hydraulics, biomass, etc. are needed [11]. On the other hand, biomass is one of
the important sources of renewable energy with potential for use as a fuel, such as biochar [12]. Biochar is a product
that can be generated from a wide range of organic waste feedstocks, including microalgal biomass, plant and animal
wastes, and agricultural waste [13], and it is a carbon-rich solid biomass product that can be obtained through a
thermochemical process called pyrolysis [14]. In the pyrolysis process, biomass is converted into carbon-rich
products as solid (biochar), liquid (bio-oil) and gas (syngas) under high temperatures and without (or with limited)
oxygen [12]. The thermogravimetric analysis (TGA) procedure is the most popular approach for obtaining the
pyrolysis kinetics [3]. The determination of pyrolysis kinetics has two fundamental methods: isothermal method and
non-isothermal method, which is more reliable and time-saving method, and it includes model fitting method and
model free (iso-conversion) method. Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-Wall (OFW), Friedman, etc.
iso-conversion approach can yield activation energy at escalating degrees of conversion without knowing the process.
Pyrolysis kinetics provide a significant amount of information for new reactor design and process parameter
optimization [15].
The earliest photosynthetic life forms on primitive earth, microalgae, which have a very high R&D quality and have
gained popularity in recent years with the development of biotechnology and the growing interest in natural products.
Their unique metabolisms contribute to a very varied range of ecological habitats, including habitats with extreme
temperatures and pH levels, freshwater or saltwater, etc. and microalgae have a wide range of applications and a
significant waste potential due to the numerous industries in which they are used [16]. Due to their sustainable and
renewable biomass nature, microalgae are also a potential candidate for third generation biofuel feedstock [11, 17].
Jamilatun et al. [18] used pyrolysis technology to obtain solid residues from microalgae extraction of Spirulina
platensis as an energy source and showed that KAS and FWO methods were quite effective in explaining the
mechanism of the degradation reaction. Similarly, combustion properties of Ulva lactuca and biochar were
investigated with TGA by Koçer and Özçimen [10], and kinetic parameters were determined using KAS and FWO
methods. Bach and Chen [19] and Ceylan and Kazan [20] used non-isothermal TGA to investigate the pyrolysis
behavior and kinetics of Chlorella vulgaris ESP-31, Nannochloropsis oculata, Tetraselmis sp., respectively. Wu et al.
[21] investigated the joint pyrolysis kinetics of Dunaliella tertiolecta and polypropylene via TGA and the interactions
found were supported by the FWO kinetic model. Koçer and Özçimen [22] while investigating the pyrolysis
processes of Chlorella minutissima and Botryococcus braunii residues, and Tetraselmis suecica and Nannochloropsis
oculata residues, using TGA, they determined the thermal behavior and pyrolysis kinetics of various freshwater and
marine microalgae residues under different parameters.
In this study, the combustion characteristics of the algal residue after extraction of Chlorella variabilis “grown in
YTU Algal Biotechnology and Bioprocess Laboratory” were by the thermogravimetric method and combustion
kinetic parameters were calculated using the Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO)
methods. According to the results obtained from the study, biochar production from microalgae residues in the
production of carbon nanotubes will be investigated. Future research is expected to find ways to improve the
conditions or factors that lead to the formation of carbon nanotubes from microalgal biochar.

2.
2.1.

MATERIALS AND METHOD
Sample Preparation and Characterization

The de-oiled C. variabilis used in this study was obtained from Yıldız Technical University, Algal Biotechnology and
Bioprocess laboratory. The supplied de-oiled microalgae pulps were dried at 70 °C overnight and stored for
characterization and pyrolysis. Biochars were obtained as a result of pyrolysis of dry de-oiled microalgal in a splitpipe furnace (Protherm, ASP 11/100/500) in a nitrogen environment at the temperature of 500 °C and heating rate of
20 °C/min. At the end of the process, biochars were taken from the furnace and kept for characterization.
In this study, FTIR and proximate analyses of de-oiled C. variabilis and its biochar samples were carried out. The
FTIR spectra were obtained using Bruker Alpha FTIR spectrometer. The the moisture, volatile matter (VM) and ash
content of samples were determined according to the ASTM standards E 871, E872 and E 1755, respectively. Fixed
carbon (FC) content of samples was calculated by difference [23]. Percentages of key elements (C, H, O, and N) were
calculated using the formulas outlined in Nhuchhen [24]. These equations are given below.
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C = - 35.9972 + 0.7698VM + 1.3269FC + 0.3250Ash
(2)
H = 55.3678 - 0.4830VM - 0.5319FC - 0.5600Ash

(3)

O = 223.6805 - 1.7226VM - 2.2296FC - 2.2463Ash

(4)

The remainder after subtracting the C, H, O and ash content is assumed to be the N content [25].

2.2.

Pyrolysis Kinetics and Thermodynamics

Pyrolysis kinetics of de-oiled C. variabilis were determined using a thermogravimetric analyzer (TA Instruments.
SDT Q600, USA). During thermogravimetric analysis, approximately 5 mg of sample was heated to a temperature of
700 °C in the nitrogen atmosphere at heating rate values of 5, 10, 20 40 °C/min. The nitrogen flow rate was
maintained at 40 mL/min.
The model-free kinetic methods provide a certain guess of activation energy value from isothermal and nonisothermal measurements and they are most commonly used for pyrolysis and combustion kinetics [26]. To the
detection of the pyrolysis activation energy, some integral iso-conversional methods such as Kissenger-AkahiraSunosa (KAS) method and Flynn-Wall-Ozawa (FWO) method were proposed by many researchers [27]. KAS
method and FWO method expressed as follow:
●

Kissinger-Akahira-Sunose (KAS) method [28] expressed as follows:

!

#.%

%

(5)

!" $" ! % = !" $&.'())% − &."

where the activation energy (E) value is determined from the slope of a plot of ln(β/T2) against 1/T.
●

Flynn–Wall–Ozawa (FWO) method [29, 30] expressed as follows:
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where the activation energy (E) value is determined from the slope of a plot of ln(β) against 1/T.

3.
3.1.

RESULTS AND DISCUSSION
Carbonization of De-oiled Microalgae

The chemical characteristics of de-oiled C. variabilis biomass and biochar, including proximate and ultimate
analyses, are shown in Table 1. In the current study's proximate analysis, the amount of volatile matter in microalgal
biochar was decreased, although the amount of fixed carbon and ash was raised following pyrolysis. The elimination
of volatiles and the accumulation of inorganic content in biomass led to a rise in the ash content of microalgal
biochar. According to the ultimate analysis, volatile compounds that were quickly eliminated from the structure
during pyrolysis decreased, whereas the fixed carbon content increased. As a result, the C content in microalgal
biochar increased to 77.147 wt %, satisfying the criteria for being considered biochar by the European Biochar
Certificate. While the H and O contents reduced, the N content essentially stayed the same. The variations in these
contents depend on the characteristics of the feedstock or the pyrolysis process variables, like temperature. Yu et al.
[11] obtained similar results as in this study.
Table 1. Properties of de-oiled Chlorella variabilis biomass and its respective biochar.

Moisture (%)

Raw Biomass

Biochar

7.52

3.37

Volatile Matter (%)

78.35

15.69

Fixed Carbon (%)

11.44

70.68

Ash (%)

2.69

9.96

C (%)

46.580

77.147

H (%)

6.239

2.697

O (%)

43.625

8.938

N (%)

0.646

0.910
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3.2.

Thermogravimetric Analysis of De-oiled Microalgae

In Figure 1, de-oiled microalgae TG and DTG thermograms at various heating rates are displayed. This data indicate
that the mass loss in microalgae was between 70 and 75 percent. While around 10% of this mass loss happened
between 25 and 180 °C, 60 to 65% of the entire mass was assessed to have lost weight between 200 and 500 °C.
According to Koçer and Özçimen [22], the thermal decomposition of de-oiled Chlorella minutissima occurred in two
stages, with a 73% mass loss. Similar to this work, Phukan et al. [31] showed that the mass loss of de-oiled Chlorella
sp. microalgae at 600 °C was between 75% and 85%. However, the cellulosic and proteinic structures in the
microalgae are the main sources of the basic mass loss; the mass loss between 25 and 180°C was produced by the
moisture content in the structure of the biomass and the easily volatile chemicals [10, 32]. The decomposition rates
increased as the heating rate increased, as shown by the DTG curves in Fig. 1b. While the maximum rate of
decomposition at a heating rate of 40 °C/min is around 15%/min, the maximum rate at a heating rate of 10 °C/min is
1.5%/min. The findings of this study and other studies found in the literature indicate that when the heating rate
increases, the boundaries of the combustion intervals, the amount of leftover material, the peak mass loss
temperature, and the rate of mass loss all increase as well [33].
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Figure 1. TG (a) and DTG (b) thermograms of de-oiled microalgae at different heating rates

3.3.

Results of Pyrolysis Kinetics

Figures 2a and 2b exhibited non-isothermal plots of the KAS method and the FWO method for conversions ranging
from 0.1 to 0.9 at heating rates of 5, 10, 20, and 40 °C/min. Table 2 summarizes the activation energies and
regression coefficients obtained by using the KAS and FWO methods.
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Figure 2. Plots for activation energy calculation at various conversions by KAS method (a), by FWO method (b)

The appearance of activation energy by using KAS and FWO methods can be seen in Table 2. For all of the
correlated lines illustrated in Figs. 2a and 2b, Table 2 shows that the regression coefficients ranged from 0.90 to 1.
The results indicated that these methods might be utilized to investigate C. variabilis by pyrolysis. According to the
calculations, not all conversions that may be observed have the same energy activation from the KAS and FWO
methods. The activation energy values calculated from the KAS and FWO methods were in good agreement except
for a difference of ± 2 in the value. For the KAS and FWO methods, the estimated average activation energy levels
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were obtained as 169.66 and 170.84 kJ/mol, respectively. These findings suggest that the activation energy from the
FWO is nearly identical to the activation energy from the KAS method.
Table 2. Activation energy (E) values calculated by KAS and FWO methods
KAS

α

FWO

E (kJ/mol)

R2

E (kJ/mol)

R2

0.1

123.84

0.991

125.79

0.993

0.2

139.61

0.984

141.22

0.985

0.3

149.72

0.993

151.17

0.994

0.4

157.75

0.997

159.10

0.997

0.5

169.76

0.990

170.83

0.991

0.6

172.16

0.926

173.46

0.933

0.7

174.56

0.892

176.19

0.903

0.8

223.46

0.895

223.16

0.903

0.9

216.07

0.907

216.65

0.916

Ave.

169.66

170.84

(Ea: activation energy (kJ/mol), R2: regression coefficient)

3.4.

Results of Pyrolysis Thermodynamics

The change in enthalpy changes the Gibbs free energy and entropy. The values were calculated and it is displayed in
Table 3. As it can be seen in Table 3, the enthalpy change in all models was positive, which means that an energy
input is needed to raise the reactants to the transition state energy level, and therefore, these reactions were
endothermic [34]. As for the Gibbs free energy change values, it was found that the values are different from each
other. They vary between 317.287 kJ/ mol to 515.846 kJ/mol for the KAS method and 321.164 kJ/ mol to 515.259
kJ/mol for the FWO method. The higher Gibbs free energy exchange values indicated that the more energy is taken
by the system for thermal conversion; low values indicated that the product formation was appropriate at lower
energy supply [36]. As for the entropy change values, it was observed that all entropy change values were negative
and these values varied between -0.694 to -1.046 kJ/mol.K for KAS method and -0.700 to -1.045 kJ/mol.K for FWO
method. This showed that the resulting product has a better-organized structure and was a more thermally stable
product. And the results were not changed with different methods.
Table 3. Thermodynamic parameters of pyrolysis
KAS

FWO

α

A
(min-1)

ΔH
(kJ/mol)

ΔG
(kJ/mol)

ΔS
(kJ/mol.K)

A
(min-1)

ΔH
(kJ/mol)

ΔG
(kJ/mol)

ΔS
(kJ/mol.K)

0.1

3.68E-23

119.639

317.287

-0.694

1.64E-23

121.596

321.164

-0.700

0.2

5.34E-26

135.183

348.664

-0.749

2.73E-26

136.797

351.864

-0.755

0.3

8.02E-28

145.123

368.819

-0.785

4.38E-28

146.577

371.703

-0.790

0.4

2.85E-29

152.990

384.845

-0.814

1.63E-29

154.338

387.520

-0.818

0.5

1.93E-31

164.817

408.781

-0.856

1.24E-31

165.885

410.902

-0.860

0.6

7.12E-32

166.968

413.645

-0.866

4.14E-32

168.269

416.228

-0.870

0.7

2.62E-32

169.111

418.528

-0.875

1.33E-32

170.747

421.777

-0.881

0.8

3.66E-41

217.760

515.846

-1.046

4.14E-41

217.465

515.259

-1.045

0.9

7.99E-40

210.108

501.261

-1.022

6.27E-40

210.690

502.419

-1.024

4.09E-24

164.633

408.631

-0.856

1.82E-24

165.818

410.982

-0.860

Ave.

ΔH enthalpy change (kJ/mol); ΔG Gibbs free energy change (kJ/mol); ΔS entropy change (kJ/mol.K)

3.5.

The potential of Carbon Nanotube Synthesis from Microalgal Biochar

The objective of this study is to develop carbon nanotubes (CNTs) using environmentally friendly manufacturing
methods. As a sustainable alternative for processing biomass, biochar offers an appropriate composition as a
precursor material for the synthesis of carbon nanotubes [4, 36]. Hidalgo et al. [8] revealed how to synthesize CNTs
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from biochar utilizing microwave irradiation and ferrocene as a catalyst. In this study, agricultural industrial wastes
such as wheat straw, oat husk, rapeseed pulp and hazelnut shell were pyrolyzed at 600°C for CNT synthesis as
biochar. The resulting CNTs presented a smaller hydrodynamic diameter, a higher surface area, pore volume, and
pore diameter, as well as a higher carbon and ash content. As a result, the synthesis of CNTs from biochar offers an
environmentally friendly method of managing lignocellulosic waste biomass while enhancing the value of
agroindustrial biomass. Similarly, CNTs were obtained by microwave assisted chemical vapor deposition method by
using Ni as catalyst on pine nut shells used as biochar [37]. CNTs synthesized at 600°C have a multi-walled structure
and the diameter and length of the CNTs are ~50nm and 2600–3200nm, respectively. This understanding will serve
as a knowledge base for the synthesis of composite biochar materials with CNT coatings that have a wide range of
potential uses as anode materials in Li-ion batteries and supercapacitors.

4.

CONCLUSIONS

The pyrolysis technique is a very effective thermal conversion technique used to both decrease the harmful
environmental consequences of microalgal residues and to support the recycling industry by producing high valueadded goods like biochar. Determining the pyrolytic behavior and product potential of microalgal residues is crucial
in this situation. In this study, biochar was produced by using pyrolysis technique from Chlorella variabilis
microalgal biomass residues. Table 1 displays the results of determining the C, H, O, ash, and volatile chemical
contents for microalgae and biochar after the combustion process. The fixed carbon content increased whereas the
volatile chemicals that which quickly removed from the structure during pyrolysis decreased, according to the final
examination.To evaluate the mass dissociation of the process, research on the pyrolysis kinetics is provided in TG
and DTG curves. In order to determine the pyrolysis kinetic parameters from the thermogravimetric study data, a
non-isothermal approach was also used in the calculation of the kinetic analysis. According to the findings, the
exponential factor (A) and activation energy (Ea) were determined using the Kissinger-Akahira-Sunose (KAS) and
Flynn-Wall-Ozawa (FWO) methods. For the KAS and FWO techniques, the values of the obtained pyrolysis kinetic
parameter were found to be 169.66 and 170.84 kJ/mol, respectively. Additionally, the regression coefficients ranged
from 0.90 to 1. Within the parameters of the study, thermodynamic parameters obtained by the pyrolysis procedure
were also evaluated. In light of the conclusions derived from analyzing the combustion of biochar made from C.
variabilis using various kinetic models, these methods (KAS and FWO) demonstrate that microalgal residues are
appropriate for producing biochar . The study is accompanied with a thorough overview of current research on the
kinetics and characteristics of TGA pyrolysis. In conclusion, CNT synthesis from biochar provides a sustainable
waste management solution that enhances the value of microalgal biomass and is a different application alternative
for biochar.
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Fenton Oxidation of the Concentrated
Wastewater of Fruit Processing Industry:
Optimization of the Experimental Conditions
Özgür Çakmakci1, Mehmet Emin Argun2
Abstract
In this study, as an advanced oxidation processes, Fenton oxidation were applied for treatability of the
concentrated wastewater originated from apple processing industry. The effects of experimental variables
on the results were statistically evaluated by using surface response methodology (RSM). The effects of
dimensionless oxidant dose (DOD), H2O2/Fe2+ ratio, and reaction time on COD (chemical oxygen
demand), TSS (total suspended solids) and TPC (total phenolic content) removal efficiencies were
investigated. COD, TPC and TSS values of the apple processing wastewater (APW) were determined as
172800 mg/L, 1476 mg GAE/L, and 2200 mg/L, respectively. The maximum removal efficiencies by
Fenton oxidation for COD, TPC and TSS removal were obtained as 99%, 97% and 93%, respectively,
under the experimental conditions of H2O2/Fe2+: 50, DOD: 2 and 60 min reaction time. As a result of
ANOVA, the DOD value showed the most significant effect on all removal efficiencies. The H2O2/Fe2+
ratio was statistically less effective on the COD and TPC removal efficiency while reaction time was less
effective on the TSS removal efficiency.
Keywords: Ultra filtration retentate, apple juice, Fenton oxidation, RSM

1.

INTRODUCTION

One of the key industrial sectors in Türkiye that requires continuous and high-quality water supply is the
food/beverage industry, which is experiencing significant economic growth. It is estimated that the total water
consumption of Türkiye will increase to about 112 billion m3 until 2030 (Alkaya and Demirer, 2015). In the
typical fruit juice industry, 10 L of wastewater is produced per 1 liter of juice (Akbay et al. 2018). Large
fluctuations of wastewater in juice production are common due to seasonal production and various operations
(Moat et al., 2002; Guerrero et al., 1999). Therefore, there is a need for alternative treatment methods that can
treat wastewater with different characteristics (Akbay et al., 2018). In recent years, considerable attention has
been paid to the research and application of advanced oxidation processes (AOP) in the treatment of such
wastewaters. Some advantages of AOPs are their flexibility against shock loading, high organic load and
toxic components, easy use, simple design and high efficiency. Fenton oxidation is one of the most widely
used processes among these processes.
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2.

MATERIALS AND METHODS

The APW sample was supplied from a concentrated fruit juice production industry in Karaman province,
Türkiye. Wastewater samples were collected from the ultra-filtration (UF) retentate, and all samples were
transported to the laboratory at +4 °C and stored at -20 °C until analysis. In order to determine the
characteristic properties and treatment efficiency of the wastewater, COD and TSS were analyzed according
to standard methods (APHA, 2005). Total phenolic content (TPC) of the samples was analyzed using Folin–
Ciocalteu reagent, according to the literature (Ambriz-Pérez et al., 2021). Fenton oxidation was initiated by
sequentially FeSO4.7H2O and H2O2 addition to the wastewater and then the solution was stirred between of
1.2 – 70 minutes. After the reaction finished, pH was brought to the 8 with NaOH and left to settle. Samples
were taken from the upper phase and filtered before analyses.

3.

RESULTS AND DISCUSSIONS

COD removal efficiency was obtained between 12 and 99% by Fenton oxidation (Figure 1. a). High COD
removal efficiencies were observed at the higher DOD value than 1.1 even in all H2O2/Fe2+ ratios. It was
observed that COD removal efficiency decreased with the decrease of Fe2+ concentration at the fixed H2O2
dose. Optimum conditions of the Fenton treatment in respect of maximum COD removal and minimum
operation cost were given in Table 1. According to the ANOVA results, it was concluded that the effect of
DOD and reaction time on TPC removal efficiency is more significant and important than the effect of
H2O2/Fe2+ ratio. However, the effect of DOD value was found to be much more significant (p: 0.0001). TPC
removal efficiency was observed over 95% at the high DOD values than 1.1 (Figure 1. b). However, TPC
concentration increased between 1 and 5 times in the experiments with the low DOD values (<1). TSS
removal efficiency increased with a reaction time of 20 minutes and DOD value higher than 1.1 (Figure 1. c).
It was concluded that the application of Fenton oxidation on APW of fruit industry were rare in literature and
might be a promising alternative to conventional methods.
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Figure 1. Dual effect of the experimental variables; (a) the effect of reaction time and DOD on COD removal efficiency,
(b) the effect of H2O2/Fe2+ and DOD on the TPC removal efficiency and (c) the effect of H2O2/Fe2+ and DOD on the TSS
removal efficiency
Table 1. Optimization of Fenton oxidation for the treatment of UF retentate of apple processing

Wastewater type
OPW (UF retentate)

Optimum conditions
DOD
0.9

H2O2/Fe

2+

16

EfficiecyCOD

OPEX

time (min)

(%)

€/(kg CODremoval)
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The Evaluation of Post-Consumer PET Water
Bottles in the Epoxidized oil/oil based Alkyd
Resin Production
Eren Yıldırım1*, Oğuz Yücel2, Tuğba Erol3, Serkan Emik4, Tülin Banu İyim5,
Işıl Acar6
Abstract
This study is aimed to use waste poly(ethylene terephthalate) (PET) intermediate obtained from the
depolymerization reaction of post-consumer PET water bottles in the production of epoxidized oil/oil
based alkyd resin. For this aim, waste PET intermediate (BHET) was successfully used completely
instead of the diol component as the primary raw material of epoxidized linseed oil/linseed oil based
alkyd resin formulation. Then, the effect of using a 100% ratio of waste PET intermediate and a 5% ratio
of epoxidized linseed oil on alkyd resin properties was investigated. The epoxidized linseed oil/linseed oil
based alkyd resin with waste PET showed similar surface coating properties and thermal properties
compared to the resin without waste PET intermediate. As a result, it has been possible to completely use
the intermediate obtained from post-consumer PET bottles, which causes high environmental pollution,
instead of diol, the main component of epoxidized linseed oil/linseed oil based alkyd resin. In this way,
both the reuse of PET wastes and the production of cheaper raw material was achieved to be used as a
paint raw material.
Keywords: Poly(ethylene terephthalate), waste plastic, chemical recycling, alkyd resin, epoxidized oil.

1. INTRODUCTION
Today, a significant portion of plastic waste consists of post-consumer poly(ethylene terephthalate) PET
bottles. Waste PET bottles having high resistance to atmospheric/biological conditions, remain intact for a
long time and create environmental pollution. In this context, the reuse of PET waste has become necessary
due to the increasing awareness of environmental protection and economic requirements.

806

1

Corresponding author: İstanbul University-Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar/İstanbul
eren.yildirim@iuc.edu.tr

2

İstanbul University-Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar/İstanbul oguz.yucel@iuc.edu.tr

3

İstanbul University-Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar/İstanbul tubaerol39@gmail.com

4

İstanbul University-Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar/İstanbul serkan.emik@iuc.edu.tr

5

İstanbul University-Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar/İstanbul tulinb@iuc.edu.tr

6

Corresponding author: İstanbul University-Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar/İstanbul
acar@iuc.edu.tr

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye
Mechanical and chemical recycling methods are currently available for the reuse of plastics, including PET
[1]. In mechanical recycling method, PET wastes are reused in the production process without any treatment.
In chemical recycling method, intermediates obtained from waste PET by chemical reactions can be used in
the production of different resins [2]. Alkyd resins, which one of these resins, are polyesters modified with oil
or fatty acids [3] They are widely preferred in the paint industry as a binder.
In this study, we aim to investigate the usability of the functional intermediate obtained from waste PET
depolymerization reaction in the epoxidized oil/oil based alkyd resin formulation. For this, first, the
depolymerization reaction (glycolysis) of waste PET flakes was carried out in excess of ethylene glycol (EG)
at atmospheric pressure, and purified PET intermediates were obtained by fractionation of raw
depolymerization product. Then, the four-component “epoxidized oil/oil based alkyd resin,” formulated to
have an oil content of 50%, was prepared using waste PET depolymerization intermediate instead of the diol
component completely. Also, for comparison, “reference alkyd resin,” which does not contain both
epoxidized oil and waste PET intermediate, as well as “waste PET-based alkyd resin,” which does not contain
epoxidized oil but contains waste PET intermediate (BHET) were prepared. After, the surface coating
properties and thermal behaviors of all alkyd resin films were investigated comparatively. In this study, a
four-stage working procedure was followed. These stages are described below.

2. EXPERIMENTAL
2.1. Materials
In the depolymerization reactions, white waste PET flakes obtained from grinding post-consumer PET water
bottles were used. The sieve fraction is 8-10 mesh fraction. The chemicals used in the alkyd resin synthesis
reactions, ethylene glycol (EG), phthalic anhydride (PA) and glycerine (GLS) were also obtained from Merck
and Sigma-Aldrich. Linseed oil (LO) was supplied from Serkim (Turkey). Epoxidizied linseed oil (ELO) was
prepared in laboratory according to literature [4]. The dryers were kindly provided by Kayalar Kimya
(Turkey). The rest of the materials were the synthesis grade or analytical grade. Distilled water was used
where necessary throughout the study.
2.2. Depolymerization Reaction (Glycolysis) of Waste PET
For the depolymerization reaction of waste PET flakes, a glass reactor system equipped with a mechanical
stirrer, gas bubbler, thermometer and reflux condenser was used. This atmospheric pressure-glycolysis
reaction was realized in a PET/EG molar ratio of 1/6 for 6 hours at 180-190oC, using zinc acetate (ZnAc) as
catalyst (1% by weight based on PET) and in the nitrogen atmosphere. Then, for the fractionation of raw
depolymerization products, the raw depolymerization product was extracted by boiling water. Thus, the
water-insoluble fraction (WIF) and the water-soluble crystallizable fraction (WSCF) were separated each
either. These purified intermediates (WIF and WSCF) were dried in a vacuum at 40oC and ground.

2.3. Characterization of Waste PET Intermediates
For the characterization of waste PET intermediates (WIF and WSCF); acid value (ASTM D-1639) and
hydroxyl value (ASTM E-222) analyses were performed by the titrimetric method.
Acid value analysis is made by titration of the sample dissolved in ethanol/toluene mixture with potassium
hydroxide (KOH) solution. Also, hydroxyl value analysis is based on the principle that after acetylation of
free hydroxyl groups, by back titration of the excess reagent with sodium hydroxide (NaOH) solution.
In addition, the melting temperatures of these intermediates were determined using the “Linsesis DSC-PT10”
Differential Scanning Calorimeter (DSC). DSC analyses were carried out in a nitrogen atmosphere, with
approximately 10 mg sample, by heating from room temperature to 300oC, at a rate of 10oC/min.

2.4. Synthesis of Alkyd Resins
At this stage, four-component alkyd resins have an oil content of 50% were synthesized by the two-step
(alcoholysis and esterification) monoglyceride method.
The “K alkyd constant system” was used for the formulations of the alkyd resins [5]. The K constant (the
ratio of total moles of the components to the acid equivalent) was used as 10.1, and the R value (the ratio of
base equivalents to acid equivalents) was used as 1.05 in formulation calculations.
The synthesis reactions were carried out in the glass reactor equipped with a mechanical stirrer, gas inlet,
thermometer, reflux condenser, and Dean-Stark part.
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For the alcoholysis reaction, the alkyd resin components, catalyst (KOH dissolved in methanol, 0.1% by
weight of total charge), and xylene (8-10% by weight of total charge) were loaded into the reactor. Then the
temperature was gradually increased to around the 220-240oC range under continuous stirring.
Monoglyceride formation was monitored by a methanol test. When a methanol/sample volume ratio of 2 to 1
gives a clear solution, the completion of the alcoholysis reaction was accepted.
For the esterification reaction, the system was cooled to about 160-180°C, and the dibasic acid component
was added to the reactor. Afterward, the temperature was raised to the 220-240°C range, and it was kept
constant within this temperature range throughout the reaction.
The progress of alkyd synthesis reactions was followed by acid value (AV) determination. For this purpose,
samples were taken from the reactor at certain time intervals for AV analysis, and the reactions were
continued until the acid value reached the desired value (~10 mg KOH/g).

2.5. Determination of Surface Coating and Thermal Properties of Resin Films
To determine the surface coating properties, films of resins were prepared after the addition of the driers.
Then, drying time (DIN 53 150), hardness (DIN 53 157), adhesion (ASTM D 3359), abrasion resistance
(ASTM D 968), impact resistance (ASTM D 2794), gloss (ASTM D 523) and chemical (water, acid, salt,
alkali, solvent) resistances (ASTM D 1647) of the resin films were tested.
The thermal properties of the resin films were investigated by thermogravimetric analysis (TGA). In the
thermal analyses, measurements were taken by heating the samples from room temperature to 750oC at a rate
of 10oC/min in the air atmosphere using the “Linseis STA PT 1750” TGA/DTA combined device.

3. RESULTS AND DISCUSSION
All the results obtained in this study are presented and interpreted in detail below.

3.1. Depolymerization Reaction of Waste PET
The details of the depolymerization reaction of waste PET in this study are presented in Table 1.
Table 1. Details of the depolymerization reaction of waste PET
Depolymerization

Waste PET/EG
molar ratio

Catalyst (ZnAc)
(by weight based
on PET)

Temperature
(oC)

Pressure

Time
(hours)

Glycolysis

1/6

1

180-190oC

Under atmospheric
pressure

6

At the end of the depolymerization reaction of 1 mol waste PET, 178 g of raw depolymerization product was
obtained. Then, the end of the purification of this raw product by extraction with hot water, 79% (by weight)
WSCF and 23% (by weight) WIF intermediates were separated from each other.

3.2. Characterization of Waste PET Intermediates
The properties of purified waste PET intermediates (water-insoluble fraction, WIF and water-soluble
crystallizable fraction, WSCF) are presented in Table 2. In addition, DSC curves of WIF and WSCF
intermediates of waste PET are presented in Figure 1.
Table 2. The properties of purified waste PET intermediates (WIF and WSCF)
Waste PET
intermediate

Hydroxyl value
(mg KOH/g)

Acid value
(mg KOH/g)

Total amount
(g)

Ratio, %
(by weight)

Melting point
(oC)

WSCF

440

~ 3.5

141

79

110

WIF

250

~ 3.5

37

23

168

As it seen from Table 2, the hydroxyl values (HV) were found in “mg KOH/g” as follows 440 and 250 for
WSCF and WIF, respectively. Acid values (AV) were also determined as ~3.5 in “mg KOH/g” for both
intermediates.
The theoretical hydroxyl values of the pure monomer of PET (BHET, bis(2-hydroxyethyl terephthalate)) and
its dimer given in the literature were 441.5 and 251.3 mg KOH/g, respectively [6].
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Figure 1. DSC curves of WIF and WSCF intermediates of waste PET

As seen from Figure 1, sharp melting peaks at 110oC and 168oC are observed in the curves of WSCF and
WIF, respectively.
As it is known, the observation of a sharp and single melting peak in the DSC curve indicates that the
material is pure. This indicates that the purified intermediates of waste PET can be pure monomers or dimers
rather than a mixture of oligomers. The melting points of PET monomers/dimers/oligomers had been given in
the literature, previously [7]. According to this literature, the melting point of BHET, the hydroxyl-terminated
monomer of PET, is 109-110°C, and the hydroxyl-terminated dimer is 173-174°C.
When the acid value, hydroxyl value, and melting points of the PET intermediates are compared with the
values given in the literature, it is seen that hydroxyl-terminated monomer and dimer of waste PET are
obtained. According to this, WSCF intermediate is the hydroxyl-terminated monomer (BHET) of PET, and
the WIF intermediate is the hydroxyl-terminated dimer of PET.
In alkyd resin formulations, hydroxyl-terminated BHET (WSCF intermediate) was used instead of the diol
component.

3.3. Synthesis of Alkyd Resins
In this study, the four-component alkyd resins (which have an oil content of 50%) listed below were prepared
by the monoglyceride method, as mentioned above.
1. Reference alkyd resin, which does not contain both epoxidized oil and waste PET intermediate:
Reference resin, was prepared using LO, PA, GLS, and EG.
2. Waste PET-based reference alkyd resin, which does not contain epoxidized oil but contains waste
PET intermediate: This resin was prepared using LO, PA, GLS and BHET (100% instead of EG).
3.

Epoxidized oil/oil based alkyd resin with PET, which contain both epoxidized-oil and waste PET
intermediate together: This resin was also prepared using ELO (5%, w), LO (95%, w), PA, GLS and
BHET (100% instead of EG).

The combinations and symbols of alkyd resins are presented in Table 3.
Table 3. The combinations and symbols of alkyd resins
Components
Symbol
Ref-Alk

Alkyd Name

LO

ELO

PA

GLS

EG
+

BHET

reference alkyd

+

+

+

Ref-PET-Alk

waste PET-based reference alkyd resin

+

+

+

+

PET-Ep-Alk

epoxidized oil/oil based alkyd with PET

+

+

+

+

+
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3.4. Physical Surface Coating Properties of Alkyd Resins

To determine the physical film properties of alkyd resin films, drying time, hardness, adhesion strength,
abrasion resistance, impact resistance, and gloss tests were performed according to related standards given
abovementioned. Before the application of these tests, alkyd resin films were prepared on glass and metal
test panels.
The drying time of the films was determined according to Modified Bandow-Wolff Method. This method has
seven drying stages, and the maximum drying stage is 7. The drying stages (or degree) are determined by
adherence or non-adherence of beads or paper disks to the film under various loadings. For hardness, a König
Pendulum was used. The hardness of the films was determined by the damping of a pendulum oscillating on
the film. The adhesion strength of the films was determined by the cross-cut method. The principle of this
method is to cut through the coating with several cuts at right angles. Abrasion resistance was determined by
the falling sand test. In this test, silica sand is dropped down a vertical tube onto the film, and thus the amount
of sand required to remove a certain thickness of the coating was determined. Impact resistance was
determined by the impact tester. In this test, the standard steel cylinder is dropped from different heights
through a cylindrical guide tube onto the metal panel. Then falling height causing deformation is determined.
Gloss was determined by a Glossmeter at a 60o angle.
Physical test results for all alkyd resin films are presented in Table 4.
Table 4. Physical surface coating properties of alkyd resin films

100

Abrasion
resistance
(mL sand)
2250

Impact
resistance
(kg.cm)
>200

135

100

3750

>200

138

100

1000

>200

Alkyds

Drying degree
(72 hours)

Hardness
(könig s.)

Gloss
(gloss unit)

Adhesion
(%)

Ref-Alk

4

165

117

Ref-PET-Alk

6

136

PET-Ep-Alk

7

185

First of all, the drying degree of the alkyd films was determined in the air at room temperature at the end of
72 hours.
It seen from Table 4, drying degree of the “Ref-Alk”, “Ref-PET-Alk” and “PET-Ep-Alk” resin films were
determined as 4, 6 and 7, respectively. As can be seen, using hydroxyl functional waste PET intermediate
instead of diol in alkyd formulation increased the drying degree of alkyd resin. Moreover, also adding a 5%
ratio of epoxidized oil to the alkyd formulation containing PET further increased the drying degree.
Generally, drying of alkyds involves oxidation and crosslinking reactions. During the drying of alkyds, there
are two different steps. The first step is physical drying, during which the solvent evaporates. The second
stage is chemical drying or oxidative drying. The chemical drying by oxidation can be a combination of four
steps: oxygen uptake, peroxide formation, peroxide decomposition into free radicals, and crosslinking
reactions. Besides, the condensation reaction of free hydroxyl and carboxyl groups may also occur in the
alkyd system during the drying process [8]. Therefore, unsaturated double bonds and free reactive functional
groups in the structure will accelerate this mechanism.
All films drying at room temperature for 72 hours were oven cured at 120oC for 2 h. And thus, all films
reached 7th drying stage after being oven cured. Then, all physical surface coating tests were applied to the
oven-cured films.
As shown in Table 4, in general, very hard and glossy films having excellent adhesion strength and high
impact resistance were obtained from the alkyd resins.
Hardness of the “Ref-Alk”, “Ref-PET-Alk” and “PET-Ep-Alk” resin films were determined as 165, 136 and
185, respectively. As can be seen, when BHET with a longer chain was added to the reference alkyd resin
formulation instead of the diol component EG, the hardness value decreased because a slightly more flexible
structure was formed. Furthermore, when 5% epoxidized oil was added to the resin formulation containing
waste PET, the hardness value increased. This is probably due to the fact that the reactive epoxide rings in the
epoxidized oil based alkyd resin create additional branching in the polymer structure and increase the crosslinking [4]. A harder structure has occurred, and the hardness value has increased accordingly.
Abrasion resistance values also coincide with these results. As the flexibility of the film increased, abrasion
resistance increased, and as flexibility decreased, that is, when a harder film was formed, abrasion resistance
decreased.
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3.5. Chemical Surface Coating Properties of Alkyd Resins
To determine the chemical film properties of alkyd resin films, water resistance, acid resistance, alkali
resistance and salt resistance were performed according to related standards given abovementioned. Before
the application of these tests, alkyd resin films were prepared on glass test panels. The chemical surface
coating tests were applied to the oven-cured films (at 120oC for 2 h.)
For the water, alkali, acid, and salt resistance tests; film-coated glass panels were immersed in distilled water,
an alkali solution (0.1 M NaOH), an acid solution (3% H2SO4, wt.), and a salt solution (5% NaCl, wt.),
respectively. Then the panels were removed from the solutions at the end of the 72 hours, and the
appearances of the films were evaluated visually.
Chemical test results for all alkyd resin films are presented in Table 5.
Table 5. Chemical surface coating properties of alkyd resin films
Water resistance
(72 hours)
excellent

Acid resistance
(72 hours)
excellent

Alkali resistance
(72 hours)
excellent

Salt resistance
(72 hours)
excellent

Ref-PET-Alk

excellent

excellent

excellent

excellent

PET-Ep-Alk

excellent

excellent

excellent

excellent

Alkyds
Ref-Alk

As can be seen from Table 5, all alkyd resin films have excellent chemical surface coating properties. Using a
100% ratio of waste PET intermediate instead of EG or a 5% ratio of epoxidized oil did not cause any
negative effect on the chemical surface coating properties of the alkyd resin films.

3.6. Thermal Properties of Alkyd Resins
TGA curves of all alkyd resins are presented together in Figure 2. Weight loss-temperature values are also
presented in Table 6.

Figure 2. TGA curves of alkyd resin films
Table 6. Weight loss-temperature values of alkyd resin films
Alkyds
Ref-Alk

1st step
(°C)

Weight loss
(%)

2nd step
(°C)

Weight loss
(%)

3rd step
(°C)

Weight loss
(%)

320

42.08

482

82.03

647

96.64

Ref-PET-Alk

318

35.96

465

77.95

624

95.26

PET-Ep-Alk

317

40.16

466

81.68

647

98.44

As seen in Figure 2 and Table 6, the thermal behaviors of “reference alkyd resin,” “waste PET-based
reference alkyd resin,” and “epoxidized oil/oil based alkyd resin with PET” are very similar to each other.
Although the waste PET intermediate addition slightly increased the thermal strength, no significant
difference was observed. It is expected that adding higher than 5% ratios by weight of epoxidized oil to the
alkyd structure will positively affect thermal resistance in future studies.
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4. CONCLUSION

At the end of the study, waste PET intermediate (BHET) was successfully included at a 100% ratio instead of
the diol as a main raw material of epoxidized oil/oil based alkyd resin formulation. The epoxidized oil/oil
based alkyd resin containing waste PET intermediate showed similar or superior surface coating properties
and thermal properties compared to reference resin without waste PET intermediate. In addition, the use of a
5% ratio of epoxidized oil in the alkyd containing waste PET intermediate slightly affected the drying and
hardness properties of the resin film.
As a result, the completely use of waste PET intermediate instead of the main component of this epoxidized
oil modified alkyd resin is significant from an environmental and economic point of view, and it is
remarkable in terms of waste management.
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Applications of Nanotechnology for BioRemediation of Pesticide-Contaminated Sites
Sultan Akarçay Demir1, Fatma İlter Türkdoğan2, Mehmet Sinan Bilgili3
Abstract
Pesticides seem to be a good resolution to meet food demand of continuously growing population of the world.
They protect agricultural yields against pests or weeds. Even though for a short term this invention could be
regarded as a bright idea to deal with loss of crops at the source, in a long term pesticide inevitably become
environmental threat. To remove or minimize the adverse effects of pesticides’ residues on the environment;
physical, chemical, and biological methods (either separately or jointly) have been applied so far. However,
there are some drawbacks of these methods. For example, physico-chemical treatment leads to generation of
harmful byproducts and becomes environmentally harmfull approach. Although biological treatment process is
environmentally friendly, it has some limitations such as low biodegradation rate, cell separation, substrate
inhibition. Nanotechnology has become widely used technique for environmental remediations for recent
years. At nano-scale materials gain high specific surface area, changed quantum properties and their small
size allows them to reach out target contaminant where micro materials cannot enter. So combining
nanotechnology with biological treatment method could be a good option to overcome obstacles of biological
method and improve remediation efficiency. This work aims to provide up-to-date information on nanobioremediation of pesticides by overviewing recent studies. Basic information on pesticides, fate and transport
mechanisms of both pesticides and nanoparticles and toxicity of nanoparticles are also discussed in this paper
in order to understand advantages and possible adverse outcomes of this promising technology.
Keywords: Bioremediation, Nanoparticles, Pesticides, Nanobioremediation, Biodegredation

1.

INTRODUCTION

According to US EPA a pesticide is any substance or combination of substances intended for preventing,
destroying, repelling or mitigating any pest (US EPA, 2022). Many agricultural specialists claim that now,
pesticides play an important role in providing enough food for increasing population of the World and presence of
1
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pesticide technology prevail famines (Zeid, Jammoul, Melki, Jawdah, & Awad, 2020).World population is
expected to be more than 9 million by the year 2050 (SGD Knowledge Hub, 2022), untill this time human being
may be out of enough food source to feed on. The rest of the specialists are concerned about environmental and
human health effects of pesticides. Despite of their beneficial role in agriculture, especially some chemical
pesticides do have some hazardous impact on humans and other living organisms. This is mainly caused by the
fact that just 10% of applied pesticides reach their target, and the other 90% are either lost in the air or are carried
into the soil and water bodies through agricultural run-offs (Suhanda & Ghosh Sachan, 2021).Hazardous effect of
pesticides depends on its components. Pesticides have variety of combination and their chemical properties varies
as well, so not all pesticides have the same effect on humans. The World Health Organisation (WHO) divides
pesticides into 4 categories: 1) extremely hazardous 2) highly hazardous 3) moderately hazardous depending of
their ingredient and 4) slightly hazardous pesticides. However, pesticides are usually categorized based on their
origin, entry mode and target organism. Accordingly, the figure 1 illustrates classification of pesticides.
To reduce the level of these agrochemical pesticides in the environment, a number of conventional method such as
surface adsorption, membrane filtration, and biological degradation have been developed. However, in these
methods pesticides’ removal efficiency is not stable and not as good as expected. Many powerful analytical
techniques have been used for the detection of pesticides, which include high-performance liquid chromatography
(HPLC) and gas chromatography-mass spectroscopy (GC-MS), but these techniques exhibit low detection limits.
Additionally, these techniques require intensive sample purification, experienced technical staff, and expensive
equipment. Also, as these pesticides affect the human being at a molecular level, there is a need for technologies
working at an atomic and molecular level to detect and degrade these pesticides (Gaur, Diwan, & Choudhary,

2022).

To serve this purpose, scientists are using nanotechnology. Nanoparticles, nanotubes, and nanocomposites are
different types of nanomaterials and have led to extensive research in this field through various methodologies
(Gaur, Diwan, & Choudhary, 2022). U.S.EPA defines nanotechnology as research and technological development
at atomic, molecular or macromolecular levels using a length scale between 1-100 nm (nanometer) in any
dimension; the creation and use of structures, devices and systems that have novel properties and functions
because of their small size; and ability to control or manipulate matter on an atomic scale (Sellers et al, 2009).
Integrating nanotechnology and bioremediation is found to be an effective method and gaining more attention
nowadays due to its successful ability to control pollutants of contaminated sites. Nanotechnology has various
applications in environmental science from treatment of waste water, remediation of soils or groundwater to air
pollution control. This particular review focuses on treatment of pesticides contaminated matrixes by integrated
use of bioremediation and nanotechnology which is called as “nano-bioremediation”.

Figure 1:Classification of Pesticides (Suhanda & Ghosh Sachan, 2021)
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FUNCTION OF PESTICIDES, FATE AND TRANSPORT MECHANISMS AND IMPACT
ON HUMAN HEALTH AND THE ENVIRONMENT

Today over 1.5 billion hectares of land worldwide are under different form of cultivation. Also according to
various theoretical estimates, there are between 2 and 4 billion hectares of cultivative land on Earth. There will be
more need for food in the future if the world population continues to grow and production of more food can be
achieved only through 2 basic strategies: increase the amount of land under culcivation, or increase the yield per
unit of land under cultivation. Soil is a habitat for variety of organisms such as insects, plants, rodents, fungi,
bacteria and these organisms feed on crops. So they cause undesirable destruction for production of food. At this
point pesticides provie a promising solution. More than 500 million kg pesticides are applied each year in the
USA at cost over $4 billion. However, that saves $64 billion in crops. Another statistic shows that approximately
37% of all crops produces in the USA every year are destroyed by agricultural pests which ends up in a financial
loss of about $122 billion annually. Considering loss in both economic and food production aspects currently
pesticides has become inevitable option to overcome the issue (Dhananjayan, Jayakumar, & Ravichandran, 2020).
In other words, we owe having adequate food to pesticides up to some degree.
However, factors such as lack of knowledge about application, over using, not reaching the pest habitat, not using
any protection during application makes these helpful technologies a dangerous poison to human health and the
environment. Among all environmental contaminants pesticides hold a unique position because of their toxicity,
high level of biological activity, long-term stability and bioaccumulative properties (Pirsaheb & Moadi, 2020).
After application pesticides onto agricultural crops, soil gets contaminated, pesticides leach through pores and in
soil matrix come across with a bunch of reactions; sorption, desorption, chemical or microbial decomposition and
find their way to get into groundwater and groundwater get contaminated in this way. Surface runoffs under
precipitation carries out these chemical compounds to surface water, with evaporation the atmosphere gets
contaminated and the cycle keeps on this way. A typical pesticide cycle in an environment is schematically

illustrated in Fig. 2.
Figure 2: Environmental Fate of Pesticides (Pirsaheb & Moadi, 2020)

Toxicological impact of pesticides depends on; concentration, exposure time, chemical composition of pesticides.
Exposure to pesticides can cause serious damage to humans either directly or indirectly. Exposure pathways
mainly includes; 1) oral exposure 2) dermal exposure 3) inhalation. Oral exposure to humans occurs through
consumption of vegatables and fruits grown on contaminated soils. All people are at the risk of oral intake.
However, agricultural, farm or greenhouse workers are at higher risk of inhalation of pesticides as they are the
ones who apply it. To prevent this kind of exposure workers should wear personal protective clothes and use
proper applications methods. Dermal exposure also may occur during applications or accidental split of pesticides.
Soil contaminated with pesticides can cause decline in populations of beneficial soil microorganisms. In general,
loss of both bacteria and fungi leads to degradation of soil. Indiscriminate uses of chemical fertilizers and
pesticides have effects on the soil organisms that are similar to human overuse of antibiotics. Overuse of those
chemicals might work for a few years, but after a while, there are not enough beneficial soil organisms to hold
onto the nutrients. Toxicity of agrochemical such as atrazine affects the lipid peroxidation and activities of
antioxidant enzymes in the freshwater fish and increased immunoglobulin production in silver catfish. Herbicide
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exposure to laboratory animal shows mitochondrial dysfunction and insulin resistance, and it also gives multiple
stress effects on wetland zooplankton, fish and amphibian ( Kalyabina , Esimbekova, Kopylova, & Kratasyuk,
2021).

3.

BİOREMEDİATİON OF PESTİCİDES

Bioremediation is a cost-effective and innovative approach for decontamination of polluted environments (surface
water, soil sediments, groundwaters, wastewaters etc…). In the process to enhance the natural microbial
degradation of nutrients, carbon sources or electron donors to targeted site along with indigenous microbes or and
enriched culture of them are added. So that degradation of pollutants occurs at a high rate. In another words;
Bioremediation is “a process of complete mineralization of pollutants to water (H2O) ve carbon dioxide (CO2)
without build-up of intermediates. Application of bioremediation can be broadly classified into two categories: (1)
ex situ in which bioreactors, biofilters, landfarming, and some composting methods are used, and (2) in situ in
which biostimulation, biosparging, bioventing, liquid delivery systems, and some composting methods are used
(Gaur, Diwan, & Choudhary, Bioremediation of organic pesticides , 2022). Degradation of pesticides is a process
mainly carried out by microbes (Sharma, Saxena, Mudgil, & Vats, 2022). Table 1 represents microbes and
enzymes which carry on biodegradation of pesticides.
Table 1: Enzymes and microbes for pesticide degradation (Sharma, Saxena, Mudgil, & Vats, 2022)
Number
1.

Pesticide
Endosulfan

Enzyme system
Monooxygenases ese

Enzyme
Monooxygenases

Microbes
Arthrobacter sp.
Mycobacteriumsp.
Sphingobium sp.

2.
3.
4.

Hexachlorocyclohexane
(gisomers)
Aldrin
Chloro-s-triazine herbicides

5.
6.

Malathion
Dicamba

Haloalkane
dehalogenases
Monooxygenases
Haloalkane
dehalogenases
Monooxygenases
Haloalkane
dehalogenases

7.

Haloalkane
dehalogenases

Sphingomonas sp.
Sphingobium sp

8.

Hexachlorocyclohexane
(band
Disomers)
Insecticides phosphotriester

Haloalkane
dehalogenases LinA
Monooxygenases ese
Haloalkane
dehalogenases TrzN
Monooxygenases ese
Haloalkane
dehalogenases
DMO
Haloalkane
dehalogenases LIN B
Phosphotriesterase
OPH

Phosphotriesterase

9.
10.

Synthetic pyrethroids
Isoproturon

Monooxygenases
Monooxygenases

11.
12.

2,4 - dichlorophenoxyacetic
acid
and pyridyl-oxyacetic
Insecticides phosphotriester

13.

Glyphosate

Monooxygenases E3
Monooxygenases
Cyp76B1
Haloalkane
dehalogenases
TfdA
Monooxygenases E3,
Phosphotriesterase
OpdA
Oxidoreductases gox

Agrobacterium
radiobacter,
Flavobacterium sp
Lucilia cuprina
Helianthus tuberosus

14.
15.
16.

Hexachlorobenzene
Pentachlorobenzene
Chloro-s-triazine herbicides

17.

Linuron

Monooxygenases
Monooxygenases
Haloalkane
dehalogenases
Monooxygenases

18.

Herbicide Trifluralin

Monooxygenases P450
Monooxygenases P450
Haloalkane
dehalogenases AtzA
Monooxygenases
Cyp76B1
Dioxygenases (TOD)

Arthrobacter sp.
Nocardioidessp
Arthrobacter sp
Pseudomonas
maltophilia

Haloalkane
dehalogenases

Ralstonia eutropha

Monooxygenases,
Phosphotriesterase

Lucilia
cuprina,
Pseudomonas
diminuta
Agrobacterium strain
T10
Pseudomonas putida
Pseudomonas putida
Pseudomonassp. ADP

Oxidoreductases

Monooxygenases

Helianthus tuberosus
Pseudomonas putidA

Phytoremediation is also cost-effective and socioeconomically beneficial technology that uses plants to degrade,
assimilate, metabolize, or detoxify pesticides, in contaminated sites. Phytoremediation encompasses many
processes, such as (i) phytotransformation (transformation of organic contaminants into a less toxic, less mobile,
or more stable form), (ii) phytodegradation (metabolism of the organic contaminant by the plant enzymes), (iii)
phytovolatilization (volatilization of organic contaminants through plant leaves), and (iv) rhizoremediation. At the
soil-root interface (rhizosphere), plant roots exude organic compounds that support a large and active microbial
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population, which leads to enhanced biodegradation of contaminants in the rhizosphere. The uptake of pesticides
by plants is governed by numerous soil and plant characteristics (Ahmad, 2014). Currently, investigation is under
process for exploring new ways to improve the phytoremediation process. Phytoremediation is in its early stages
and some technical issues appear which need to be resolved for its development and further applications.
The major constraint of bioremediation is that not all compounds are biodegradable and this limits the
bioremediation process. In some cases, even if at all the material is biodegradable, its downstream processing and
degradation further generate some toxic material. Sometimes a particular bacterial strain functional at one site may
not successfully work on different sites due to the prevalence of some site related limiting factors. The complexity
of biological processes is attributed to the microbial metabolic processes, nature of pollutants and presence of an
appropriate level of nutrients. As the process demands excavation of soil, construction and customization of
specialized site layout, it makes it more time-consuming and laborious. Mostly, the process is carried out in
underground and isolated places away from the residential area. However, the use of heavy machineries and
pumps may create some noise and disturbances. Sometimes, ethical issues concerning the use of certain bacterial
strains also make the process questionable in terms of their effects on another local microflora (Vishwakarma,
Bhattacharjee, Gohil, & Singh)

4.

UTILIZATION OF NANOMATERIALS IN REMEDIATION OF ENVIRONMENTAL
CONTAMINANTS

Using nanomaterials in bioremediation of environmental contaminants is a very promising approach for some
reasons. First of all, materials at nano scale have a large surface area per unit mass and it makes a them excellent
adsorbents. Owing to their large specific surface area, they can contact with the more contaminant more easily.
Second of all, nanoparticles gain some specific quantum properties and so that nanoparticles do not need high
activation energy to start reactions. Another reason makes nanoparticles perfect for environmental remediations is
their scale allows them to reach out contaminated sites where micro size particles cannot enter. Particles at nano-

Figure 3. Bulk and nano-scale of Silver and Golden

scale show different characteristics; their physical and chemical properties such as color and/or reactivity changes
compared to their micro or macro scale. their color, reactivity, Figure 3 illustrates very well how at nano -scale
gold (Au) particles changes color, it turns from yellow to red. Similar tendency can be seen for silver as its color is
silver but turns to be green at nano-scale.
Nanomaterials have been broadly utilized in medicine, industry, and environmental remediation (Geary, Morris, &
Salem, 2016). The remediation of sediments contacted with heavy metal ions using nanoscale materials has been
reported. Due to high reactivity and adsorption capacity, the nanoparticles were used as an alteration to treat
contaminated sediments (Akcil, Erust, Ozdemiroglu, Fonti, & Beolchini, 2015). Heavy metals cannot be
deteriorated into nontoxic materials (Hu, Yang, & Wang, 2012), but they can be immobilized/passivized by
addition of several amendments (nanomaterials) to the sediments.

817

EurAsia Waste Management Symposium, 24-26 October 2022, İstanbul/Türkiye

5.

ROLE OF NANOPARTİCLES İN THE BİOREMEDİATİON PROCESS

Low biodegradation rate, cell separation, and substrate inhibition are some limitations to use free cells in
bioremediation. Therefore, immobilized cell technology provides long-term stabilization to bioremediators. A
number of materials such as alginate and polyvinyl alcohol (PVA) for cell immobilization have been used. But,
these immobilization methods have several disadvantages including limited transport of substrates and the
mechanical delicacy of retaining materials in response to environmental changes. Nowadays, the utilization of
nanoparticles as immobilization carrier is another alternative approach. The cell attachment or entrapment on
nanomaterials significantly enhance the microbial mechanisms of environmental cleanup and provide the
convenience for regeneration (Shahia, Kumari, Mahobiya, & Shahi, 2021).
Fungi have been widely applied in bioremediation for wastewater treatment. The experimental approaches for the
removal of environmental pollutant using fungal biomass or its enzyme and nanoparticles are increased
significantly. Magnetic nanoparticles (MNPs) have gained considerable attention as immobilization carriers for
enzymes or microbes in wastewater treatment due to their high surface area and unique super-paramagnetism that
is easy for separation. Magnetic property of a particle greatly influences the physical properties of the
contaminants of water and helps in water purification. For example, Fe3O4 nanoparticles were shown to be
effective for the degradation of organic pollutants, NO, VOCs, azo dye, Congo red dye, 4-chlorophenol, and
orange II, PAHs. The biogenic magnetite nanoparticles possess higher capacity of adsorbing metal cations,
approximately 30–40-fold than commercially available magnetite. These properties make them potential for
microbial magnetite formation in the removal of toxic metal cations from water (Gaur, Diwan, & Choudhary,
Bioremediation of organic pesticides using nanomaterials, 2022).
Bioremediation with the integration nanoparticles has become an innovative method to be applied variety of
scientific fields. Nanomaterials accelerate the bioremediation process and at the same time reducing time and
increase reusability. The selective application of different nanoparticles along with microbes in reducing metal
toxicity has gained much attention recently. Immobilization of microbes onto nanoparticles with desirable
characteristics have become the focus of “green nanotechnology” and their use in environmental remediation
effectively brings the two technologies under one roof, combining them into a novel, hybrid strategy which can
open new frontiers in the sustainable mitigation of pesticide pollution. Table 2 shows pesticides degradation
studies done by using nanoparticles with the immobilizing methods (Shahia, Kumari, Mahobiya, & Shahi, 2021)

5.1. Pesticide Degradation by Microorganisms Immobilized in Nanoparticles
Different nanomaterials have been employed to help immobilization of microbial cells. Immobilizing
microorganisms by nanoparticles is a novel method which have benefits in terms of chemical activity and
biocompatibility. Additionally, atoms on the surface of nanomaterials present high sorption capacity for numerous
ions. High adsorption capacity of nps (nanoparticles) could allow these materials to be used not only as carriers
but also in the degradation of various pollutants. For example; iron based nanomaterials are the most frequently
used ones to immobilize microbial cells because of their unique sorbent feature, reduced cost and harmless effect
on the environment as iron is the 8th most abundant element of the earth’s crust. In general microorganisms may
be immobilized through physical or chemical agents such as electrostatic adsorption, covalent binding on the
surface of nps, conjugation utilizing protein’s specific affinity and interaction with the surface of the nps
(Dhananjayan, Jayakumar, & Ravichandran, 2020).
Reátegui et al. (2012) studied entire cell immobilization technique for degradation of pesticide. They used the
cells of recombinant Escherichia coli expressing stable and long-lasting atrazine-dechlorinating enzyme AtzA for
removal of the pesticide on the basis of adsorption and degradation. Silanized silica nanoparticles (SiNPs) were
used to encapsulate the cells in porous gel. Here, porous gel was synthesized by silanizing nanoparticles with
methyltrimethoxysilane (MTMS) and polyethylene glycol which was further used as the cross-linker. The
examination of stability of the system was done at 23 °C and 45 °C, respectively. It was observed that at the
higher temperature, good structural rigidity was displayed by gel. Three times more efficiency was shown by
encapsulated cells in degradation of the pesticide as compared to free cells.
Zhuang et al. (2015) demonstrated the breakdown of heterocyclic aromatic organic compound quinoline, with the
help of Streptomyces sp. N01 immobilized on bamboo-carbon supported Fe3O4 nanoparticles (Fe3O4/BC). Its
effectiveness was observed at quinoline concentrations (100–400 mg L−1), pH ranging from 5–10 and
temperature (20–45 °C). Higher concentration tolerance of pesticide by Fe3O4/BC immobilized cells was seen
when temperature and pH were changed. 85,3% of pesticide removal was seen in the ninth cycle.
Hou et al. (2016) observed the degradation of chlorophenols (CPs) by immobilizing aniline-degrading
Rhodococcus rhodochrous cells on Fe3O4 nanoparticles in aqueous phase. Chlorophenol is an organochloride of
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phenol used for various purposes such as an antiseptic, disinfectant, pesticide, and wood preservative. Out of
various supporting materials, including agarose, sodium alginate, k-carrageenan and gellan gel in order to
immobilize R. rhodochrous DSM6263 strain, k-carrageenan was selected as it favored the degradation of all tested
CPs. 2-chlorophenol, 2,3-dichlorophenol and 4-chlorophenol as well as their mixture could be efficiently degraded
by cells which are immobilized through the action of k carrageenan with 9 g L−1 Fe3O4 nanoparticles, and this
degradation was observed to be higher than free cells. Using these immobilized cells the process could be run for
minimum of six cycles.
Khatoon and Rai (2018) isolated two Bacillus sp. i.e., B. badius and B. ensimensis capable of degrading atrazine.
Biodegradation of atrazine in divergent environmental conditions by free as well as α-Fe2O3 immobilized cells
were examined. Immobilization of these bacterial isolates by α-Fe2O3 magnetic nanoparticles was developed
because free cells of microorganisms could rarely degrade atrazine. Images of scanning electron microscope
(SEM) revealed that immobilized bacterial cells were completely held on and spread over the surface of α-Fe2O3
magnetic nanoparticles. α-Fe2O3 immobilized cells showed 90,56% degradation in 20 days as compared with the
free cells reaction conditions were pH ranging from 4.0 to 9.0, temperature from 20 to 45 °C, ATZ concentration
from 50 to 300 mg L−1 and agitation speed from 50 to 300 rpm. This experiment concluded that α-Fe2O3 magnetic
nanoparticles combined with indigenous soil microbes i.e., Bacillus sp. was able to show higher tolerance for
pesticide concentration when compared to free cells.

5.2. Pesticide Degradation by Enzymes Immobilized by Nanoparticles
A number of new types of supports and methods have recently been introduced to enhance conventional
enzymatic immobilization intended to improve enzymatic loading, stability and activity in order to reduce the cost
of enzymatic biocatalyst in bioremediation. These include microwaveaided immobilization, cross-linked
enzymatic aggregations, mesoporous carrier, and more recently, immobilization of enzymes on nanoparticle.
Combining the catalyzing properties of biological molecules with the specific chemical, physical, electrical and
optical characteristics of nanoparticles has resulted in their emergence in a wide range of innovative
biotechnology applications. Immobilization of enzymes with the help of nanoparticles has demonstrated a wider
operating pH, temperature and greater thermal stability as compared to indigenous enzymes.
The immobilized enzyme could be used for repeated cycles over a longer period of time as compared to free
enzyme (Ansari and Husain 2012). This method has an advantage of readily adjusting nanoparticle size within the
limits of utility and maximizing the functional area in order to increase enzymatic load (Xie et al. 2009). Silica
and iron nanoparticles are mostly preferred because of their better biocompatibility and stability which prevents
the enzyme from deactivation at varying pH levels and temperature.
Ginet et al. (2011) immobilized enzyme by using nanomagnets coated with lipid along with enzyme
phosphohydrolase. This helped in successful engineering of recyclable, robust and easy-to-purify biocatalyst for
degradation of ethyl-paraoxon, a common pesticide. Here, fusion of opd gene which encoded enzyme paraoxonase
from Flavobacterium sp. ATCC 27551 was done to mamC, an abundant protein of anonymous function found
specifically in the magneto some membrane of Magneto spirillum magneticum AMB-1. The MamC protein
anchors the enzyme paraoxonase to the surface of magnetosome which produced magnetic nanoparticles showing
phosphohydrolase activity. Genetically modified AMB-1 cells were used to recover magnetosomes functionalized
with Opd. Over repeated uses the immobilized enzyme showed stability for ethyl-paraoxon degradation and could
be easily recovered and reused.
El-Boubbou et al. (2012) studied the degradation of diethyl-4-nitrophenyl phosphate (paraoxon) by
organophosphorus hydrolases (OPH) from Flavobacterium sp. immobilized within the pores of spherical
mesoporous silica nanoparticles. Here, paraoxon hydrolysis rate was compared with the surface functionalization
(acid, amine, or ammonium) as well as diameter of pore. For exposing carboxyl groups, amine or ammonium,
nanoparticles having varied pore diameters including 4 nm, 6 nm and 8 nm were covalently surface modified with
organosilanes and then the efficiency of immobilization was compared. After the experiment, it was concluded
that the pesticide can be most efficiently removed by ammonium organosilane when compared with free OPH.
The extent of ammonium organosilanes modification that could significantly elevate OPH activity was 14–20 wt%
per particle. Also, it was found that 6 nm was the most efficient pore diameter in order to enhance activity of
OPH. When OPH stabilized ammonium functionalized silica nanoparticles with pore diameter of 6 nm were used,
complete hydrolysis of the pesticide, paraoxon occurred within 2 min.
Dehghanifard et al. (2013) studied the ability of fungal laccase immobilized on silica nanoparticles to degrade 2,4dinitrophenol (2,4-DNP), used in the manufacture of pesticide, wood preservatives and dyes. Laccase derived
from Trametes versicolor is used. More than 90% 2,4-DNP degradation was observed within 12 h. The
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immobilized enzyme was able to maintain its stability for more than 85% of its initial activity even after one
month. Thus, it can be concluded that high resistance and ability to be reused makes laccase immobilized on nanoporous silica beads an appropriate choice for 2,4-DNP degradation.

5.3. Pesticide Degradation by Biopolymers From Microbes Immobilized by Nanoparticles
Natural substances or polymeric biomolecules synthesized by living organisms during their complete life cycle are
generally defined as biopolymers. Because of their ease of manipulation and modification, their durability and
versatility, biopolymers have been proposed in various areas of interest, beginning with the food, biomedical and
pharmaceutical industries. Incorporating suitable nanoparticles into biopolymers have the capability of providing
specific properties that could be applied to a broad range of traditional and novel applications. The use of
biopolymers is an innovative solution for replacing traditional synthetic polymers. Nanoparticles enhance the
activity of biopolymers.
Paknikar et al. (2005) stabilized FeS nanoparticles produced by wet chemical method by the use of a polymer
extracted from Itajahia sp. belonging to the phylum basidiomycetes. Now the stabilized nanoparticles were able to
show 94% degradation of lindane (5 mg L−1) in 8 h. In a successive microbial treatment, complete degradation of
remaining lindane, its incompletely degraded intermediates as well as the stabilizing polymer was observed within
1 h. FeS which aggregated in latter process, can be easily extracted by filtration. In this way complete removal of
lindane in 9 h and FeS was achieved.
Sawicki and Mercier (2006) examined the capability of mesoporous silica adsorbents functionalized with
cyclodextrin to eliminate fourteen pesticides from water. The pesticides investigated were of three classes: p, pʹ
substituted biphenyl-based, hexachlorocyclohexane-based and hexachlorobicycloheptene-based pesticides. These
adsorbents showed maximum affinity toward p,pʹ substituted biphenylbased pesticides like DDE and DDT.
Moreover, adsorbents having small to intermediate quantities of cyclodextrin groups had an optimum adsorption
affinity for pesticides.
Saifuddin et al. (2011) used microwave irradiation for preparation of silver nanoparticles embedded within the
chitosan which helped in the extraction of atrazine. At a dose of 2 g of composite micro-beads of cross-linked
chitosan and silver nanoparticles, 98% of 1 L pesticide solution was removed at a concentration of 1 ppm (1 mg
L−1). According to the batch studies, the adsorption capability of the composite micro-beads for atrazine was
observed to be 0.5 mg g−1 of the adsorbent within 65 min.
Jaiswal et al. (2012) demonstrated that chitosan-based copper nano-biocomposites have a higher removal rate of
methyl parathion and parathion. It was observed that a dose of 1 g L−1 CuCH showed complete removal of 5 mg
L−1 of these pesticides from an aqueous solution having volume of 20 ml. The adsorption of pollutants at a lower
concentration is a further benefit of the adsorbent. As a result, the CuCH adsorbent developed may show great
potential for removing organophosphates from contaminated water samples.
Dwivedi et al. (2014) studied elimination of methyl parathion from wastewater using gold nanoparticles integrated
into a networked biocomposite chitosan polymer medium. The nanoparticles were initially prepared with the help
of HAuCl4 in an environment containing the reagent ascorbic acid and chitosan. The production of beads was
done by simply draining the solution of chitosan in an alkaline solution. The beads contained approximately 96%
of water and showed stability up to 200 °C. Higher moisture content progressivelyprogressivelyefficiency. It was
found that incorporating only 0.5 wt% of gold was sufficient in increasing the sorption capability of beads two
times as compared to the condition in which pesticide remediation was done with the help of blank beads.

6.

FATE AND TRANSPORT OF NANOPARTİCLES İN THE ENVİRONMENT

The interactions of nanomaterials with the environment linked with physical and chemical properties. Each

Figure 4. Factors that influenses nanoparticle behaviour in the nature
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nanoparticles will behave differently as their physical and chemical natures vary. However, by placing the known
properties of the materials into an environmental context predicting particle’s transport withing the
environmental matrixes may become possible (Sellers et al 2009). Porous media such as soil, play a critical role
in linking surface water with groundwater from pollution filtration. After discharging into porus media,
nanoparticles can be retained, progressively accumulated or transported with the flow, and meanwhile effect the
properties of soil and water consequently it also influence micro or macro organisms of that habitats and leads to
changes in biodiversity in the region. The fate and transport mechanism of nanoparticles have strong correlation
with physico-chemical properties of the media and nanomaterials. So environmental conditions will effect their
behaviour and transport. Fig.4 summarizes factors which determines nanoparticle transport in the nature.
The transport of nanoparticles in the environment occur through series of reactions/mechanisms such as
aggregation, adsorption, desortion, dispersion, filtration, blocking, straining, ripening and prefentia flow.
Nanoparticles are tend to be agglomerate and form larger particles and (Ling, Yan, & Lu, 2021). Agglomeration
process increases the particle flocks size over time with a reduction in nanoparticles’number concentration in the
soil and water which favor the deposition of large agglomerated partciles. For instance, fewer agglomeration
results in slow deposition or sedimentation rate of suspended nanoparticles on a solid surface which enhances its
mobility and bioavailability in the environment. There are three mechanisms behind capturing and retention of
nanoparticles. The first one is Brownian motion and the second is direct interception and the last one is
gravitational sedimentation. Nanopartciles have high diffuson coefficient and so that dominant mechanism is
Brownian motion in that case (Abbas et al, 2020).
Agglomerated particles possess less surface area to volume ratio and accessible active sites in comparison to
primary particles, so that the reactivity and bioavalibility of agglomerated nanoparticles decrease. For example,
Fe2O3 -40 nm, TiO2- 216 nm and Ag-60 nm aggregate into micrometer size after being released into the
environment and their mobility reduces and so risk of exposure also reduces (Abbas et al, 2020).

7.

TOXİCİTY OF NANOPARTİCLES

Exposure to nanoparticles may occur in mainly 3 ways; skin contact, digestion and inhalation of nanoparticles.
Dermal exposure may happen most likely while production, transportation to the site, application and
decomtamination of medium as a consequence of accidental contact via skin with nanopartciles in forms of either
powder or slurry. In relation to their extraordinary small size, nanoparticles can pass into cells through membrane
with the possibility of interfering with important cell funcitons. A certain kind of nanoparticles may be transported
through bloodstream and could be accumulated in organs (Keane, 2010)
Another patway to exposure to nanoparticles is digestion of nanoparticles may be as a result of consumption of
contaminated drinking water sources (groundwater, lakes, streams). But immobility, passivation of nano particles
makes this route less likely to be happened. Some nanoparticles (i.e. iron nanoparticles) are more like to become
oxidized and loose mobility before it reaches to human or get to the food chain (Keane, 2010).
Lastly inhalation of nanoparticles is considered as the primary route of exposure to humans, and therefore the
presence of NMs in the air is regarded as a significant health hazard. However, inhalation exposure may be kept at
minimal if handled properly and manufactured in its slurry form. Inhalation of nanoparticles is mostly like to
happen during the manufacturing and therefore it shall not be a concern for the general public health (Pettibone,
Elzey, & Grassian, 2008).
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Nanotechnology applications offer new opportunities for making superior materials to use in industrial,
environmental and health issues. As nanomaterials rapidly grow they become more widespread whereas there is
now over 500 nano-based products commercially available (Pettibone, Elzey, & Grassian, 2008). The study of
toxicity of nanomaterials is in its infancy and the literature is growing fastly. A number of studies have
investigated the potential human health risk with exposure to nanomaterials. Although many of the results are very
implications there are indications that the six major engineered nanoparticles (1. zero valent iron, 2. TiO2, 3. Ag
nanoparticles, 4. Au nanoparticles, 5. Fullerene (C60), 6. Carbon nanotubes (CNTs)) can stress response in certain
biological systems. An example of with zerovalent iron is illustrated in Fig. 5 of ROS (reactive oxygen species)
and that puts cell into oxidative stress and eventually end up with damage of proteins, DNA and lipids. In return

either cell gets damaged highly or die.

Organisms
Human
mesothelioma
and rodent
fibroblast cell
lines
Rats

Table 2. Toxicological studies of nanoparticles on mammals (Sellers et al, 2009)
Particle
Size
Exposure
Endpoints
Effects
Type
TiO2
8 nm
-0, 3.75, 7.5
Cytotoxicity
Weak cytotoxic
nanoparticles
and 15 µg/ml
effects
for 6 days.
-0, 3.75, 15 and
30 µg/ml for 3
days
TiO2
Rutile-300
1 or 5 mg/kg
Oxidative
TiO2 particles, dots
particles,
nm
intratracheally
stress or
and rods transient
Nano-scale
anataseinstilled in
cytotoxicity,
inflammatory and
TiO2 rods
200 nm *
phosphatelung
cytotoxic effects
Nano-scale
35 nm
buffered saline; histopathology observed at 24
TiO2 dots
anastaseassessed at 24
hours after
10 nm
hr, 1 week, 1
exposure, but
month and 3
effects were not

Explanation
Both of cell lines
showed lower
response for 6
days exposure
than to 3 days.
Initial stress of the
Results indicate
that nanoscale
particles may not
be more cytotoxic
to lung compared
to larger sizes.
Additionally,
surface area might

Figure 5. Potential Toxic Mechanisms of zero valent iron nanoparticles on cells (Ken & Sinha, 2020)
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months after
instillation

Syrian
hamster
embryo
fibroblast

Ultrafine
TiO2

Less than
20 nm

Cells treated
with 0.5, 1,5 or
10 µg/cm2 for
12,24,48,66 or
72 hours

Oxidative
stress/
cytotoxicity

sustained. Instilled
quartz particles
caused sustained
dose-dependent
inflammation as
well as lung
damage consistent
with pulmonary
fibrosis
development
A significant dose
dependent increase
in micronuclei
formation between
0.5 and 5.0 µg/cm2.
Cell death observed
after 24, 48 and 72
hr.

not be associated
with pulmonary
toxicity of
nanoscale
particles.

Resutls support
the mechanism of
cell death from
exposure to
nanoparticles:
particles react
with cell
membranes, in
turn generate
reactive oxygen
species (ROS):
the oxidative
stress leads to cell
toxicity.

Table 2 shows some toxicological studies on mammals under direct exposure to different nanoparticles. Studies
proves that while the lung is the primary target of nanomaterials, nano scale particles can also enter circulation
and migrate to various organs and tissues, where they can be accumulated and damage organ sytems that are
sensitive to oxidative stress. However, many nanotoxicity studies are in vitro studies and therefore do not include
pharmacokinetic factors. And also it must be noted that at the contaminated sites thoese animals which were tested
usually do not come across with the concentrations in the experiments. So particulary there is a huge need for
doing in vivo experiments to identify more accurate information about toxicity engineered nanoparticles.

8.

CONCLUSIONS

The rapid advancement in science, technology, and innovations has led to the evolution of nanotechnology. The
development in this field has increased the economic impact of nanotechnology research programs. The
nanotechnology is being applied in the environment such as treatment, remediation, sensor fabrication, and green
synthesis. Thus, the advancement in technology provides an idea for new research in terms of several products.
The treatment of the toxic pollutants and compounds from the affected areas can be removed or eliminated by the
production and application of the nanomaterials. The biologically synthesized nanomaterials are playing great role
in the remediation of the contaminated sites. But, the microbial cells like cytoplasmic vesicular compartments and
periplasmic space regulate the shape and size of the nanomaterials and require further consideration for efficient
application. Alteration of the properties and function optimization in different fields of nanotechnology has to be
resolved completely for the pollutant’s nanoremediation. Hence, nanotechnologyogy can form a significant
influence on the interconnection between energy and the environment. In addition to the global demand of the
nanomaterials, the impacts of the nanomaterials and toxicology, transport, fate, and bioaccumulation further need
to be explored and understood. The green synthesis approach in the preparation process could eradicate pollutants
without any harmful impact on environment. The effective production of the nanomaterials needs more attention
for the development of smart nanoscale materials for the environmental cleanup.
Even though nanomaterials seem to be a promising technology for environmental applications, their
environmental toxicity of nanoparticles is still unknown. Depending on its material nanoparticles may have some
adverse effect on microorganisms, as there are some studies show that direct exposure to for example iron
nanoparticles may cause cells to produce ROS (reactive oxygen species) and ultimately damage DNA, proteins,
lipids and may even cause death of cells. Legislations about usage of nanoparticles are yet to be clear and
complete, more studies are needed to identify nanoparticles adverse effect and identify clear and guiding
regulations. So while applying nanoparticles for environmental remediation purposes caution should be taken as it
may also cause damage soil, water, air and living organisms.
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Abstract
Decabromodiphenylether (DBDE) is a brominated flame retardant which belongs to the group of
polybromodiphenylethers (PBDEs) often used as a fire resistant additive in various well known polymeric
systems like polystyrene, poly(acrylonitrile-butadiene-styrene) (ABS), polypropylene, etc. This compound
can be considered as a persistent organic pollutant and presents certain risks for the environment owing
to the fact that it is bioaccumulable and not biodegradable. A detailed investigation, described here, was
carried out on the effect of ultraviolet/visible radiation on DBDE in ABS with the aim to study the photolytic
reactions of this molecule in the solid state, in order to improve the economic and ecological treatment of
brominated plastic waste from waste electrical and electronic equipment (WEEE). A simple, effective
method was presented to degrade DBDE molecules used as flame retardant and to obtain less harmful
molecules in the environment. The proposed method comprises the photo-irradiation of ABS/DBDE mainly
by visible light, without prior addition of additives such as oxidants or catalysts. Fourier transform infrared
spectroscopy was employed as analytical method which was particularly suited for solid state
characterization. This technique allowed us to follow the photodegradation of model mixtures comprised
of ABS and DBDE. The results indicated that DBDE could be effectively degraded to a considerable extent
in the solid state during the recycling process by UV-Visible irradiation. This study presents new aspects
of the photochemical degradation of DBDE/ABS systems in the solid state.
Keywords: acrylonitrile-butadiene-styrene, kinetics, photolysis, polybromodiphényléthers, radiation, uvvisible.

1. INTRODUCTION
Flame retardants (FRs) are necessary to ensure safety in a wide range of applications such as plastics
components of electrical equipments, cars and aircrafts, and the main components of insulation materials, foams
in furnitures, mattresses, and textiles [1], [2]. Brominated FRs (BFRs) represent the largest market group of
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FRs due to their low cost and high performance efficiency[2], [3]. Polybrominated diphenyl ethers (PBDEs)
are well known BFRs with three major commercial formulations: DecaBDE (DBDE), OctaBDE (OBDE) and
PentaBDE. However, PBDEs have aroused high environmental concern because of their global distribution and
bioaccumulation [4]–[6]. Marketing and use of PentaBDE and OBDE was banned throughout the EU in 2004
on the basis of the potential for the lower-brominated derivatives to bioaccumulate in the environment [7]. Only
DBDE is still commercially available in a few countries worldwide. In the EU, the Restriction of Hazardous
Substances Directive 2002/95/EC (RoHS 1) has been applied to DBDE, by limiting the concentration of PBDEs
to 0.1 weight% (wt%). The ROHS II Directive (2011/65/EU) further restricted the use of DBDE in EEE
(Parliament European Regulation 1907/2006, 2006). A new entry 67 was established by the Commission
Regulation (EU) 2017/227 in Annex XVII to Regulation (EC) No 1907/2006 of the European Parliament and
of the Council (REACH) [8].
DBDE remains one of the most important chemical and environmental pollutants of concern since its emissions
to the environment occur particularly during both service life and end-of-life phases. Removal of this compound
from the environment remains a very difficult challenge because DBDE is highly hydrophobic and has very
limited solubility in water [9]. Major applications of DBDE are in styrenic polymers, polyolefins, polyesters,
and nylons as used in textiles. It is also used as an additive flame retardant mainly in poly(acrylonitrile butadiene
styrene) (ABS) and their derivatives, in epoxy oligomers and in engineering plastics for electrical and electronic
devices. Research investigations have shown that DBDE can be broken down to produce many lighter-weight
PBDEs, including three highly accumulative species associated with PentaBDE. Photolysis is an important
degradation pathway for some persistent organic pollutants, including PBDEs, in the environment, and has
been reported to occur for PBDE under a variety of conditions [10]. Recently, some reports were published on
photolysis of DBDE in toluene and adsorbed on silica gel, sand, soil and sediments that showed similar results
of photolytic debromination [11]. These groups found that the photochemical reaction rate decreased with
decreasing bromination degree and that it might also be affected by the positions of the substituted Br-atoms.
However, the photolytic decomposition and the effect of photolytic factors on the photodegradation reaction of
PBDEs in the solid state have not been well documented in the literature.
In the light of the above discussion, since the feasibility of the photolytic degradation in the liquid state has
already been shown, this report focuses on the debromination of DBDE in the solid state. In particular, DBDE
was dispersed in various concentrations in an ABS (0-30 wt%) before undergoing UV-Visible irradiation.

2. MATERIALS AND METHODS
2.1 Materials
DBDE (Saytex 102E, purity 98%, CAS: 1163-19-5), 2,2’,3,3’,4,4’,5,5’,6,6’-Decabromodiphenylether (BDE209), (C12Br12O), was purchased from Albemarle Corp. (USA), it was a white to off-white powder. The
Poly(acrylonitrile butadiene styrene) (ABS) was obtained from a recycling plant situated in the “Région Hauts
de France”; mixtures of the ABS with different amounts of DBDE (10wt%, 15wt%, 20wt% and 30wt%) were
prepared using a micro-extrusion machine followed by crushing the obtained samples to obtain fine powders.
The average diameter size of all powders was between 600 and 800µm.

2.2 Sample Treatment
The irradiation process was carried out at room temperature, using a Xenon light source LC8 from Hamamatsu
Photonics France S.A.R.L. together with an optical fiber. The distance between the end of the optical fiber of
the UV-Visible source and the sample was kept constant at 3cm. During the photodegradation experiments thin
layers of the powdered materiel (ABS and ABS/DBDE blends) were placed on a flat sample holder which was
kept under controlled agitation to renew regularly the sample surface. At appropriate exposure times, without
interruption, the photodegradation reaction was finished by removing the solid samples from the light exposure
and immediately initiating analysis. All experiments were repeated at least two times and averaged values are
presented in the corresponding figures.

2.3 Sample Analysis by Fourier Transform Infrared Spectroscopy
FTIR spectra were recorded in transmission mode at room temperature, using a Perkin-Elmer 2000 model
(Perkin Elmer Corp., USA). The spectral range between 400cm-1 and 4000cm-1 was investigated. The number
of accumulated scans was 16 with a spectral resolution of 4cm-1. Solid KBr disks of diameter one centimeter
and thickness one millimeter were used, formed by mixing 10mg of the powder sample to be analyzed with
90mg of dried KBr. A pressure of 8bars was applied during 5min to prepare the KBr disks.
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3. RESULTS AND DISCUSSION
3.2. Spectroscopic Results

FTIR spectra of ABS, DBDE, and ABS/DBDE blends are presented in Figures 1 and 2, allowing to identify
and to select characteristic bands of DBDE and ABS. In the wavenumber range between 1025cm-1 and 1800cm1
as shown in Figure 1a, ABS presents bands at 1453cm-1, 1494cm-1 and 1602cm-1 , all of which can be
attributed to C-C stretching vibrations in the aromatic rings of the styrene part in ABS [12]. In the same
wavenumber range, DBDE exhibits a broad intense band located between 1250cm-1 and 1370cm-1,
corresponding to asymmetric C-O-C stretching vibrations in the aromatic rings of DBDE [13]. This band, which
present no interference with other bands in the DBDE spectrum and does not exist for ABS, can thus be selected
to follow the DBDE photodegradation kinetics. With an increase of the concentration of DBDE in the
ABS/DBDE blends, the intensity of this band, characteristic of the ether groups, increased correspondingly, as
shown in Figure 1b. Figure 2 presents the FTIR spectra of DBDE and ABS in the wavenumber range between
480 and 1000cm-1. Some absorbance bands of ABS and DBDE appear rather close, such as the bands at 966cm1
(C-H in trans-butadiene part of ABS ([14]) and 960cm-1 (C-Br ([13] in DBDE); 765cm-1 (CH2 in vinylbutadiene and styrene part of ABS ([12]) and 761cm-1 (C-C ring ([15]) in DBDE); and 699cm-1 (C-C ring ([16])
and 708cm-1 (C-C ring ([15]) in DBDE), respectively. In ABS/DBDE mixtures these overlapping bands cannot
be used to follow the effects of photolysis. Only the absorbance band at 617cm-1 of DBDE, corresponding to
aromatic C-Br vibrations ([17]), does not interfere with ABS bands and will also be considered in following
the debromination process.

Figure 1. FTIR spectra of DBDE, ABS, and ABS/DBDE mixtures in the wavenumber range between 1025cm-1 and
1800cm-1. b) Evolution of the intensity of the ether group band of DBDE in ABS/DBDE mixtures with different amounts of
DBDE (15wt%, 20wt% and 30wt%).

The model mixtures ABS/DBDE were subjected to a radiative UV/Visible treatment by the LC8 lamp at room
temperature. The infrared spectral analysis of the impact of the radiation on ABS loaded with 30wt% DBDE is
shown in Figure 3. A relatively strong reduction of the band corresponding to the ether-bond of DBDE was
observed after an irradiation time of one hour, accompanied by the appearance of a new band at 1400cm-1. The
kinetics of DBDE degradation was fast in the first few minutes of photolysis, but the reaction rate became
relatively slow beyond 10min of irradiation. A fast increase of the peak situated at 1400cm-1 in the first ten
minutes was also observed. This new absorption band is due to the formation of aromatic C-H-groups belonging
to photoproducts of DBDE and, in particular, lower brominated BDE.

Figure 2. FTIR spectra of DBDE and ABS in the
wavenumber range between 480 and 1000cm-1.
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Figure 3. Evolution of the FTIR spectra between 1300 and
1450cm-1 of the ABS/30wt% DBDE system subjected to
radiative UV/Visible as a function of irradiation time.
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Figure 4. Spectral evolution by FTIR of ABS/30wt%
DBDE system during UV/Vis irradiation, in the
wavenumber range between 605 and 630cm-1.

Figure 5. Effect of the DBDE concentration in ABS/DBDE
blends on the conversion values of the photodegradation.

In Figure 4 one notices a strong reduction of the C-Br absorbance band situated at 617cm-1, allowing thus to
confirm the debromination effects on DBDE during photolysis. The effect of UV/Vis irradiation was compared
between the two systems ABS/20wt% DBDE and ABS/30wt% DBDE, by following the decrease of the
absorbance band at 1350cm-1 (Figure 5). The conversion values from DBDE to lower brominated species were
calculated by taking into account the heights of the peak maxima: (Ht – H0)/H0, where Ht and H0 correspond to
the peak heights of the irradiated and pristine sample, respectively. It should be mentioned that this approach
represents only a fair estimation of the conversion, since the absorbance band considered here might undergo
overlapping effects with other bands, especially when photolysis proceeds. In Figure 5, one notices that the
conversion of the band at 1350 cm-1 of the ABS/20wt%DBDE system was slightly faster and greater than that
of the ABS/30wt%DBDE system, showing that the initial concentration of DBDE in the polymer can influence
the degradation process.

4. CONCLUSIONS
A simple, effective method was presented to degrade DBDE molecules used as flame retardant and to obtain
less harmful molecules in the environment. The proposed method comprises the photo-irradiation of
ABS/DBDE mainly by visible light, without prior addition of additives such as oxidants or catalysts. Fourier
transform infrared spectroscopy was employed as analytical method which was particularly suited for solid
state characterization. This technique allowed us to follow the photodegradation of model mixtures comprised
of ABS and DBDE. The results indicated that DBDE could be effectively degraded to a considerable extent in
the solid state during the recycling process by UV-Visible irradiation.
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Determination of Spirulina Growth Kinetics
Under Different Nitrogen Feast -Famine
Cycle
Şevval Korkmaz1, İlker Akmırza2
Abstract
As a result of increasing anthropogenic activities, it is clearly seen that resources are rapidly depleted and
nature is much more damaged. Although it is difficult to end these activities, minimizing their effects is a
possible solution. In this context, microalgae considered as a natural and sustainable resource. Microalgae
have simple cell structures and. their photosynthesis rate is higher than plants. Therefore, they have higher
capture capacity than plants. For this reason, microalgae is a promising source for the future, which
reduces the greenhouse effect by capturing CO2. Microalgaes come into prominent with their fast growth
rate under appropriate operation conditions. However, it have to be mentioned that important factor in
which conditions and which media contents are used for cultivation. Microalgaes are able to growth in
different media contents but presence or absence of nutrient can directly effect their growth rate. Apart
the,essential macronutrients nitrogen and phosphorus are playing role for their growth.Nitrogen
constitutes more than 10% of the microalgae's structure, and nitrogen is required for many physiological
activities of microalgae such as growth and reproduction. In this study, the growth kinetics of Spirulina
Platensis under nitrogen feast-famine cycle were investigated using different nitrogen concentrations. As
a result of the findings, it was observed that nitrogen limitation caused a decrease in Spirulina platensis
biomass growth rate. In other words, Spirulina platensis absense of nitrogen limits Spirulina production.
Keywords: Feast and Famine Cycle , Nitrogen , Microalgae

1. INTRODUCTION
1.1. Microalgae
Microalgaes are unicellular and multicellular organisms, 3-10 micrometers in size, living and developing in
seas and fresh waters, performing photosynthesis. There are many types and numbers of microalgae. The most
common types of microalgae are; blue-green algae (Chlorophyceae), golden algae (Chrysophyceae) and
diatoms (Bacillariophyceae) (Sarıgül,2018). Microalgae are generally autotrophic organisms. However, they
can also be found as heterotrophic and mixotrophic. Microalgae, which can also be described as green factories,
1
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are the most basic part of aquatic life. In addition, microalgae are the main source of oxygen in the air. In other
words, microalgae produce almost half of the oxygen in the atmosphere. It has an important role in reducing
the carbon footprint by converting inorganic substances such as CO2, H2O and nitrogen into an organic
substance such as oxygen with the help of sunlight. The most important feature that distinguishes microalgae
from photosynthesizing plants like themselves is that they reproduce faster and more often than plants, and
therefore their photosynthesis rate is higher. Microalgae have a rich structure. They contain carbohydrates,
lipids, proteins, minerals, various vitamins such as Omega 3 and 6, A, B, C and E.[1]
Nutrient content and concentrations play an important role in the growth of algae. Nitrogen and phosphorus are
considered macronutrients and have direct effect on their growth. Nitrogen is one of the most prominant macro
nutrients for algae. Nitrogen is required for carbohydrate, fat and protein synthesis. Apart N-form nitrate form
of nitrogen is the most abundant form in microalgae fluids . More than 10% of the algal biomass is nitrogen.
Therefore, the change of nitrogen form affects the metabolism of algae and their structure changes. [2]

Spirulina Platensis
Spirulina, which has been very popular recently as a sustainable food source, is extremely important to be
grown for concentrated streams. Spirulina, which is in the blue green algae class, is a prokaryotic microalgae.
It is also known as Spirulina Athrospira. In the structure of the Spirulina microalgae species, protein (60-70%),
carbohydrates, lipids,vitamins A, C, E, sodium, iron, calcium, magnesium, phosphorus, potassium There are
many minerals such as zinc, many pigments and fatty acids. Spirulina is a planktonic photosynthetic creature
that can grow in alkaline environments with a pH of 9.5. Spirulina is a type of microalgae produced for
commercial purposes. Spirulina, which is stated to be a sustainable food source, is also used in the treatment
of many diseases. 3-5 grams of Spirulina powder daily is recommended as a result of the studies conducted by
Folarin and Sharma in 2017.Spirulina is easy to produce and is produced in large quantities. It is added to many
such foods that are produced. Because it contains high protein, it is sold in many places as a protein supplement
(Wells et al., 2017). [3]
In the experiment performed by Colla et al. (2007), the production of biomass and nutraceutical substances of
Spirulina platensis at different temperatures and nitrogen forms was investigated. In a zarrouk nutrient medium
containing sodium nitrate, there was an increase in the amount of protein, lipid and phenolic compounds, the
biomass concentration was at the lowest at 30 degrees. It was observed that the temperature did not directly
affect the chemical structure of this species. Moreover, the highest amount of oil was 8.16±0.23% and phenolic
compounds were 3.78±0.30 % in the medium containing 2.5 g/L NaNO3 at 30 degrees; At 35 degrees, it was
determined that the highest protein amount was 70.15±0.82 %, lipid amount was 10.37±0.03% and phenolic
compounds were 4.99±0.37 % in the nutrient medium containing 1.875 g/L NaNO3 [4].
Uslu et al.(2011) investigated what happens to the biomass, protein and fat ratios when Sipirulina platensis is
grown in an environment with 50% and 100% nitrogen reduction under laboratory conditions. They found that
the biomass was 5.6 and 1.00 g/L. As a result, they reported that the amount of lipid increased in cases where
nitrogen was limited, and the biomass ratio did not change much [4].
In this study , it is aimed to investigate Spirulina growth rate under nitrogen feast and famine cycles. Also it
is aimed to reach highest microbial growth rate for Spirulina within working for 5 sets containing different
nitrogen concentrations( 2.5 g/L , 0.5 g/L and 0 g/L) and having different feast-famine cycle.

2. MATERIALS AND METHODS
2.1. Methods
In the experiment, effect of N limitiation over microbial growth of Spirulina was investigated in 5 different
batch sets. All batch reactors operated with 300 ml active volume and contained 200 mg/L Spirulina. In
addition, MSM renewal was done 3 times a week for all reactors.
Reactor 1 was fed 3 days per week with medium containing 2.5 grams of NaNO3 continuously and N
concentration was not limited. Reactor 2 was operated under feast -famine regime and fed with NaNO3-free
medium 2 days a week, it was fed with 2.5 grams of NaNO3-containing medium once a week.Reactor 3 was
fed with a medium containing 0.5 grams of NaNO3 continuously N concentration was not limited . Reactor 4
was fed with NaNO3-free medium for 2 days of per week and it was fed with a medium containing 0.5 grams
of NaNO3 once a week. Reactor 5,was fed with medium that does not contain NaNO3 continuously. That is, the
MSM renewal of reactor 5 was made with medium that does not contain NaNO3 continuously.
Before starting the experiment, the media was prepared and kept in a sterile area for use during the
experiment.The medium required for Spirulina was prepared with the salts prescribed in the prescription. These
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salts; HCl, NaHCO3, Na2CO3, K2HPO4, NaNO3, K2SO4, NaCl, MgSO4.7H2O, CaCl2.2H2O, FeSO4.7H2O and
EDTA. In addition, the medium contains pure water and micronutrient solution.After the media were prepared,
suspended solids analysis was performed to determine the concentrations of Spirulina platensis stocks.In order
to perform the suspended solids analysis, firstly, 0-fold, 4-fold and 8-fold dilutions of the samples taken from
the stock were made. The samples were passed through filters. After the filtering process was finished, all the
filters were kept in an oven at 105 degrees for 1 hour and then in a desiccator for half an hour.Then, Spirulina
Platensis was cultivated. As there were 5 sets within the scope of the experimental procedure, cultivating was
done in 5 beakers.The beakers were named according to their appropriate nitrate content.To reactors 1 and 2,
medium containing 2.5 grams of NaNO3 and Spirulina stock; medium containing 0.5 grams of NaNO3 and
Spirulina stock were added to reactors 3 and 4, and the volume was brought to 300 mL.The volume was
completed to 300 mL by adding NaNO3-free medium and Spirulina stock to the 5th reactor.

Figure 1.Spirulina Cultivation

After cultivating, biomass and nitrate nitrogen measurements were made 3 days a week to monitor the biomass
and nitrate nitrogen of Spirulina Platensis. Biomass measurement was carried out using glass cuvettes at 678
nm in a spectrometer device. Nitrate nitrogen measurement was carried out at 220 nm using quartz cuvettes in
a spectrometer device.After each measurement, the MSMs in the reactors were renewed.In order to preserve
the Spirulina biomass during the MSM renewal, the samples taken from the reactors were centrifuged and
returned to the system.

3. RESULT AND DISCUSSION
The highest biomass concentration observed under non limited nitrogen conditions while nitrogen limitation
decreased total biomass production. Nitrogen limitiation limits total microbial growth from 3411 mg/L to 2856
mg/L. A 25-30% reduction in growth rate of microalgae was observed which is operated with less concentrated
N medium.

4. CONCLUSION
In this study, how the biomass of microalgae changes in nitrogen feast and famine conditions and in which
situations their growth rates increase were investigated. As a result of the findings, it was observed that nitrogen
limitation reduces microalgae growth rate and biomass production remains at low rate comparing to non
limited conditions. There is no significant improvement in growth rate after refeed with N containing medium
after starving period.
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Preliminary Assessment of Potential Disposal
of Mercury-Saturated Natural and Modified
Zeolite Clinoptilolite
Antonija Jurić1, Marin Ugrina2, Ivona Nuić3, Marina Trgo3, Teja Čeru4, Martin
Gaberšek4, Miloš Miler4, Mateja Gosar4
Abstract
Utilization of natural raw materials, such as zeolites, for the remediation of mercury-contaminated
environments is desirable. The main issue is the possibility of disposing mercury-saturated zeolite in
nature without negative impact on the environment. In order to get an answer to this issue, the sorption
properties of natural and modified zeolite were first examined. Two-stage modification of the natural
zeolite was performed with aqueous solutions of Fe(NO)3·9H2O and Na2S·9H2O, with detailed
physicochemical characterization. At the defined optimal sorption conditions, pHo = 2 and solid/liquid
ratio of 10 g/L, the obtained sorption capacity of natural zeolite was 0.282 mmol Hg/g, and of modified
zeolite 0.966 mmol Hg/g. Almost 3.5-fold higher sorption capacity of modified zeolite justifies
modification method. Leaching experiments confirmed that the modified zeolite retains mercury better
than the natural one. The Toxicity Characteristic Leaching Procedure indicated the presence of mercury
in leachates above the prescribed value of 0.2 mg/L, pointing that saturated zeolites should be
stabilized/solidified before disposal.
Keywords: natural zeolite, modified zeolite, sorption, leaching, mercury.

1. INTRODUCTION
The removal of heavy metals from contaminated water or soil systems, particularly extremely toxic mercury,
either by in-situ or ex-situ sorption remediation techniques primarily requires a high sorbent selectivity and
capacity. For in-situ remediation such as soil sprinkling with sorbent, it is very important that the mercury is
stabilized within the sorbent with minimal or no re-sorption, since the sorbent is permanently left in the
environment. In case the sorbent is used for ex-situ remediation, the saturated sorbent must be adequately
disposed of [1], [2]. The most common sorbent for mercury sorption is activated carbon, however, due to its
high cost, it is replaced by different natural sorbents such as zeolites [3]. Natural zeolites belong to the group
of aluminosilicate minerals. They have a negative charge due to the isomorphous substitution of Si4+ with
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Al3+, which is compensated by cations (Na+, K+, Ca2+, Mg2+). These cations participate in the ion exchange
process with cations in sounding media [4]. Regarding the sorption of mercury, sorbents are usually modified
with sulphur species such as CS2 [5], Na2S [6], K2S [7], SO2 [8], etc., due to the strong affinity of sulphur to
mercury, forming sparingly soluble HgS. Since it is known that iron sulphides are the most common
scavengers of mercury in nature, impregnation of the surface of some materials such as Al2O3 [9] or
carboxylmethyl cellulose [10] with iron sulphide species can be found in literature. Investigations have shown
increased sorption properties of stabilized iron sulphide species on the carriers compared to bare iron sulphide
particles due to formation of iron sulphides nanoparticles. As far as we know, modification of the zeolite
surface with iron sulphide particles has not been performed to date. Therefore, the first aim of this paper is to
carry out the modification of natural zeolite with iron sulphides particles. Then, examine the possibilities of
using natural zeolite and its modified form for remediation of mercury contaminated environment, with
emphasizing the possibility of permanent disposal of saturated zeolites in the environment.

2. MATERIALS AND METHODS
2.1. Sample Preparation
Natural zeolite, NZ originating from the Zlatokop deposit (Vranjska Banja, Serbia), was milled and sieved to
a particle size fraction of 0.6−0.8 mm and used as a starting material to obtain its chemically modified form,
MZ. Two-stage modification of the NZ was performed according to the procedure described by Schwartzman
and Cornell [11] and Liu et. all [12]. The 1 g of NZ was refluxed for 2 h at 100 °C with 50 mL of 1 mol/L
Fe(NO)3∙9H2O, and then for 4 h at 150 °C with 10 mL of 1 mol/L Na2S∙9H2O. Thereafter, the sample was
washed with ultrapure water until a neutral pH was reached, dried at 40 °C and marked as MZ.
Detailed mineralogical and physicochemical characterization of both NZ and MZ (results are not presented
here) showed that the amount of iron increased by 2.5 times, and sulphur by 12 times, indicating the
successful modification of the NZ surface with iron sulphide species. The deposition of iron sulphide species
on the entire surface of the NZ was confirmed by SEM-EDS analysis, which also revealed that the sodium
exchangeable cation dominates on the surface of the MZ as a consequence of modification. XRPD analysis of
the NZ revealed that clinoptilolite is the main zeolite mineral (minimum 80 %) as well as a slight decrease in
the crystallinity of the MZ. Namely, the first stage of modification in an acidic medium is responsible for the
fixation of iron, which also leads to an increase in the specific surface area due to pore opening. In the second
stage, fixed iron on the NZ acts as a carrier for stabilization of sulphur species, which is accompanied by a
decrease in specific surface area. In addition, the alkaline medium contributes to desilication of the zeolite
structure, an increase in the negative charge and basicity of the MZ, which was confirmed by determining the
total basicity and zeta potential. The formed negative lattice charge is compensated by sodium cations. Thus,
the resulting material should pose improved ion-exchange properties as well as enhanced affinity towards
mercury species due to the presence of sulphur in its structure.

2.2. Saturation Experiments
The purpose of the saturation experiments was to find the optimal conditions of pH, solid/liquid (S/L) ratio
and mercury concentration at which maximum saturation of the NZ and the MZ is achieved. The chemicals
used, Hg(NO)3∙H2O, 1 mol/L HNO3 and ultrapure water, were of analytical grade. All experiments were
performed in the batch mode, during 24 h, at 230 rpm and at ambient temperature. The concentration of
Hg(II) was determined on a Flame Atomic Absorption Spectrophotometer PinAAcle 900F, AAS.
Based on the experience of heavy metals sorption on zeolite, a Hg(II) solution with an initial concentration of
4.006 mmol/L was prepared to test the effect of pHo. Then, 1 g of NZ or MZ was mixed with 100 mL of the
prepared Hg(II) solution with a pre-adjusted pH value at 2.09 and 2.20 by addition of 1 mol/L HNO3.
To test the effect of the S/L ratio, a solution of 4.056 mmol Hg/L with pH adjusted to 1.99 was prepared.
Different masses of the NZ in the range 0.2−3.6 g (S/L = 2−36 g/L) and the MZ in the range 0.2−1.4 g (S/L =
2−14 g/L) were mixed with 100 mL of Hg(II) solution.
The effect of the initial Hg(II) concentration was tested at pH≈2 and S/L = 10 based on previously conducted
experiments. A mass of 1 g of zeolite was mixed with 100 mL of Hg(II) solution, for the NZ in the
concentration range 0.461−12.258 mmol Hg/L, i.e. for the MZ in the range 0.461-14.099 mmol Hg/L.

2.3. Leaching Experiments
Based on sorption experiments, the concentration at which the maximum saturation of zeolite with Hg(II) is
achieved, was selected for leaching experiments. Then the zeolites were saturated as follows: 20 g of zeolite
with 2 L of 7.917 mmol Hg/L for NZ and 10.619 mmol Hg/L for MZ, under optimal sorption conditions,
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pH=2 and S/L = 10, during 24 h, 25 rpm and ambient temperature. After that, the samples were washed in
ultrapure water, dried at 40 °C and marked as NZHg and MZHg.
The leaching of Hg(II) from NZHg and MZHg was carried out according to the standard leaching method,
DIN 38414 S4 [13]. A mass of 1 g of saturated zeolites was mixed with 10 mL of ultrapure water with
different pHo in the range 2.04−12.13, during 24 h, at 25 rpm and ambient temperature. The concentration of
leached Hg(II) was determined in the supernatants by means of AAS.
Toxicity Characteristic Leaching Procedure, TCLP was performed with two extraction solutions of pH values
of 2.88 and 4.93 prepared according to the detailed procedure described, by mixing 1 mol/L NaOH and/or 0.1
mol/L glacial acetic acid [14]. A mass of 2.5 g of the NZHg or MZHg was leached with 50 mL of extraction
solutions during 20 h, at 30 rpm and at ambient temperature. For both leaching experiments, the leached
Hg(II) concentration was determined in the supernatants by means AAS.

Calculation of Sorption and Leaching Parameters
The amount of mercury sorbed on zeolites in equilibrium, qe (mmol/g), and sorption efficiency in
equilibrium, αe (%) was calculated by equations (1) and (2):
q e = (c o - c e ) ×

αe =

V
m

(1)

(c o - c e ) ×100
co

(2)

where co and ce are the initial and equilibrium Hg(II) concentration (mmol/L), V is the volume of the solution
(L) and m is the mass of zeolite (g).
The amount of Hg(II) leached from zeolite, ql (mmol/g) and the amount of Hg(II) retained on zeolite, qr
(mmol/g) was calculated by equations (3) and (4):
q l = cl

V
m

q r = qe - q

(4)

(3)
l

where cl is the leached Hg(II) concentration from the zeolite (mmol/L).

3. RESULTS AND DISCUSSION
3.1. Determination of Optimal Sorption Conditions for Saturation of Natural and Modifi
Zeolite
The pH is a key factor in sorption processes since it directly affects the type of metal species as well as the
sorbents surface charge. Based on the mercury hydrolysis constants represented by reactions (5)-(7) [15],
fractions of mercury species depending on pH were constructed and shown in Figure 1.

Hg 2 + + H 2O ® HgOH + + H +
Hg 2+ + 2H 2 O ® Hg(OH) o2 + 2H +
Hg

2+

+ 3H 2O ® Hg(OH) 3-

+ 3H

+

pK1 = 3.40

(5)

pK1 = 5.98

(6)

pK1 = 21.10

(7)
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Figure 1. Mercury speciation diagram.

According to the speciation diagram, up to pH = 2.9, the dominant species is Hg2+, after that the fraction of
the Hg(OH)2o species increases, which becomes predominant with further increase in pH. The HgOH+ species
reaches a maximum of 20 % at pH = 3, while the Hg(OH)3- species appears only above pH = 13.2 with a
maximum fraction of 7% at pH = 14. Since the precipitation of mercury starts at pH = 2.45, this suggests that
the sorption of Hg(II) onto the zeolite must take place in a very narrow range of pH 2.00 < pH < 2.45 in order
to completely exclude the precipitation as well as the decomposition of the zeolite structure (pH < 2).
The comparison of equilibrium and initial pH values (pHe vs. pHo) after sorption of Hg(II) on the NZ and MZ
is shown in Figure 2a, as well as sorption efficiency in Figure 2b.
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Figure 2. (a) pHe for NZ and MZ at pHo = 2.09 and 2.20 (red line represents the precipitation pH, pHptt). (b) Sorption
efficiency of Hg(II) at pHo = 2.09 and 2.20 for NZ and MZ.

Figure 2a shows a significant increase in pHe for MZ compared to NZ, which is probably a consequence of
the competitive effect of Hg(II) and H+ ions in an acidic medium, which is more pronounced for MZ due to a
higher negative surface charge. It is also noted that at pHo = 2.09, the pHe values for both, NZ and MZ are
lower than the critical pH (pHptt) at which precipitation occurs. At pHo = 2.20, pHe values for NZ are very
close to the pHppt, while for MZ it is above pHppt which confirms precipitation. Therefore, these results are
not taken into consideration since in this case, sorption efficiency is the contribution of both Hg(II)
precipitation and sorption. Taking all into account, pH = 2.09 is chosen as optimal, at which the sorption
efficiency of 56.94 % for NZ and 99.06 % for MZ was achieved (Figure 2b). Almost 2-fold sorption
efficiency of Hg(II) on the MZ than that NZ justifies the zeolite modification.
Sorption efficiency, α and pHe as a function of S/L ratio, after Hg(II) sorption on the NZ and MZ are shown
in Figure 3.
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Figure 3. Comparison of pHe and α with S/L ratio after Hg(II) sorption on NZ and MZ (red line represents the precipitation
pH, pHppt).

Figure 3 shows a gradual increase in sorption efficiency for NZ and a sudden increase for MZ with an
increase in the S/L ratio as a result of a higher zeolite mass, i.e. a higher number of active sorption sites. The
twice higher sorption efficiency for MZ than for NZ at each S/L ratio is attributed to a higher negative surface
charge and a higher number of active sorption sites. An increase in sorption efficiency is accompanied by an
increase in pHe, which is more pronounced for MZ. The increase in pHe is the result of Hg(II) removal and
competition of Hg(II) with H+ ions, i.e. ion exchange of H+ ions with zeolite exchangeable cations (Na+, K+,
Ca2+, Mg2+). At the S/L ratio of 36 g/L for NZ and 14 g/L for MZ, the pHe exceeds the pHppt value indicating
the Hg(II) precipitation in the suspension. Therefore, S/L of 10 g/L for MZ was chosen as optimal where
maximum sorption efficiency was obtained without precipitation. Although the optimal S/L ratio for NZ is 30
g/L, the optimal S/L of 10 g/L was chosen due to the negligible increase in sorption efficiency for S/L from
10 to 30 g/L, as well as the comparison of results at the same ratio of S/L to investigate the effect of initial
concentration.
As stated, under pre-defined optimal conditions, pH = 2 and S/L = 10 for both samples, the effect of the initial
Hg(II) concentration was tested and shown in Figure 4.
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Figure 4. The influence of the initial Hg(II) concentration on the quantity of sorbed Hg(II) on NZ and MZ.

With the increase in the initial concentration of Hg(II), a drastic difference in the quantity of sorbed Hg(II) is
observed on MZ compared to NZ. Namely, according to the hard and soft acid and base theory, it is well
known that mercury as a soft Lewis acid has an exceptional affinity for sulphur, which is a soft Lewis base,
therefore Na2S has been selected as a modifying reagent with Fe(NO)3∙9H2O which stabilizes sulphur species.
According to the physicochemical characterization, the increase of newly formed active sites containing
sulphur species as well as negative charge contributes to the increase of sorption capacity. The 3.5 times
higher amount of sorbed Hg(II) on the MZ compared to NZ (0.996 mmol/g vs. 0.288 mmol/g) justifies the
implementation of the modification.
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3.2. Assessment of Disposal of Mercury-saturated Natural and Modified Zeolite
In order to assess the possibility of hazardous mercury-saturated zeolite disposal in the environment after
remediation, it is necessary to examine its leaching properties. The results of the leaching test of NZHg and
MZHg in ultrapure water of different pHo conducted according to the standard leaching method DIN 38414
S4 [13] are shown in Figure 5.
100
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96

94
92
90

NZHg

2.00 3.02 4.01 5.03 6.02 7.04 8.09 9.09 10.09 11.08 12.05

pHo
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Figure 5. The percentage of retained Hg(II) after the leaching tests of NZHg and MZHg vs. pHo.

At all tested pHo, the percentage of retained mercury is higher on MZ compared to NZ, which is probably a
consequence of the stronger affinity of MZ to Hg(II), i.e. stronger binding of Hg(II) to sulphur species. This
is particularly pronounced under extremely acidic and alkaline conditions, pH = 2.00 and pH = 12.05.
Namely, under acidic conditions, dealumination of the zeolite structure occurs, and under alkaline conditions
desilication, i.e. degradation of the zeolite lattice. Since the two-stage modification was carried out in an
acidic medium with Fe(NO)3 and then in an alkaline medium with Na2S, re-exposure of the zeolite to a
strongly acidic or alkaline medium has a smaller effect on MZ compared to NZ. This is probably one of the
reasons for the lower percentage of Hg(II) retention in NZ compared to MZ beside the Hg(II) binding
mechanism. At 3.02 ≤ pHo ≤ 11.08, the percentage of retained Hg(II) in NZ is in the range 98.88 %−99.71 %,
while for MZ in the range 99.53 %−99.87 %, respectively. The results indicate that in a wide pH range, which
can be expected in the environment, both zeolites show a significant ability to retain Hg(II).
Since the standard DIN method does not provide a value for the percentage of Hg retained or leached to
evaluate the disposal of saturated zeolites, an additional test was performed to provide an evaluation, the
toxicity characteristic leaching procedure, TCLP. The percentage of retained Hg(II) after leaching NZHg and
MZHg at pH = 2.88 and pH = 4.93 is shown in Figure 6.
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Figure 6. Percentage of retained Hg(II) after TCLP test on NZHg and MZHg at pH = 2.88 and pH = 4.93.
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At both pHs, the percentage of retained Hg(II) on MZ is higher than that on NZ, which is in accordance with
the results obtained by the standard DIN method. It should be noted that slightly less Hg(II) was retained after
leaching according to the TCLP procedure, which is probably a consequence of the stronger ionic strength of
the solutions. A total of 93.13 % of the mercury was retained on NZ and 98.10 % on MZ at pHo = 2.88, while
at pHo = 4.93 these values were 96.63 % for NZ and 98.10 % for MZ, indicating fairly good retention
properties. Since the TCLP test prescribes that the concentration of leached Hg must not exceed a value of 0.2
mg/L, the results are expressed as follows: 190.8 mg/L of the mercury was leached from the NZHg and 162.5
mg/L from the MZHg at pHo = 2.88, while at pHo = 4.93 these values were 93.5 mg/L for NZ and 126.9 mg/L
for MZ.
Considering the results of both tests, MZ has a higher Hg(II) retention ability compared to NZ, higher than
98%. This means that it could eventually be used for in-situ remediation, since a greater benefit would be
achieved than the negative impact on the environment due to partial leaching of 2 %, which is greater than 0.2
mg/L. On the other hand, according to the TCLP procedure, the concentrations of leached Hg(II) at both
tested pH values significantly exceed the prescribed value of 0.2 mg/L, indicating that both zeolites can be
used for ex-situ remediation. Saturated zeolites should not be disposed of in the environment without prior
solidification/stabilization. The possible solution could be found by adding saturated zeolites to the building
materials, which requires upgrading for future investigations.

4. CONCLUSION
The modification contributed to a 3.5-fold increase in the quantity of sorbed Hg(II) on MZ compared to the
starting material, justifying the zeolite modification. Since the modified zeolite has a significantly higher
ability to bind and retain Hg(II) compared to the natural one, this makes it a potential sorbent for the
remediation of mercury-contaminated environments. It is preferable to use both zeolites for ex-situ
remediation with appropriate stabilization/solidification before disposal in the environment.
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Abstract
Recently the effluents of Oil Industry have been appointed as most responsible for the worse
environmental impact due to many toxic substances comprises its composition. Due to this fact nominated
as one hot spots in Albania and belongs to the well-known crude oil source Field Patos-Marinëz, and the
Oil Refinery in Ballsh- Albania. In wastewater as watery effluents there are suspended solids, gaseous
volatile hydrocarbons, H2S or SO2, and liquors as Phenols, Benzene, Ethyl benzene, Xylenes, Sulphides,
Ammonia, Polyaromatic hydrocarbons and Chemical Oxygen Demand, all from the activity of oil well
extracting and Crude Oil refining. Most of the dangerous chemicals used to be discharged to streams
connecting the Gjanica River, increasing the contamination rate of its natural water, creating a big risk
for the wild life (flora and fauna) and causing drinking water toxification. It is needed a public awareness
increasing visibility of this situation which is bringing about serious problems to the human health and
also for the entirely ecosystems and biodiversity. It is almost 117 km water bodies which are continuously
intoxicated with discharged from refinery different organic oil compounds and polymeric substances,
provoking big problems for agriculture food chain due to the water use for the irrigation. As
consequence, many illnesses are spread out in the area, naturally caused by the toxification due to these
contaminating compounds. The oil refinery effluents characterization has been performed based on
laboratory determined physicochemical indicators and also by the calculations applying different
computer simulation softwares such as , Hydromantis GPS-X and CapdetWork which are efficiently used
for design and evaluate the production of water treatment plants. For better understanding e process
behavior and to determine the optimum operating conditions of the process for high output at low cost,
we have used our real experimental data, and we have compared them with the theoretical data from the
simulation. Practically it has been reached some optimistic results, which comes out for further and
deeper prospective works to be performed.
Keywords: Oil contamination, refinery wastewater, Simulation, Design Treatment Plant
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1.

INTRODUCTION

Contamination from the oil refining processes it is evident in almost all of the places where is has been
installed an oil Industry and it is the most responsible for the negative impact to the environment due to many
dangerous ingredients in discharging waters. From the literature [1] has been found that petroleum
wastewater has high concentration of organic and inorganic components such as BTEX, MTBE, PAH,
phenol, ammonia, sulfides, cyanides, and heavy metals which make it necessary to be treated before releasing
to the environment. Based on composition of crude oil, type and complexity of operation and the products,
petroleum refineries can produce a large amount of wastewater with toxic compounds [2]. PWW pollution
can affect different aspects of human life such as [3]: (a) infecting drinking water and aquatic resources; (b)
threatening human health; (c) polluting the atmosphere; (d) affecting crop production; (e) affecting the natural
landscape, and (f) enhancing fire triggering probability.
In Albania there is a “5 hot spots scenario”, where 2 of them belongs to the impact of the Oil Industry: Oil
Source Field Patos-Marinëz and the Deep Treatment of the Oil Refinery in Ballsh. Except volatile
hydrocarbons, H2S or SO2, there are a lot liquids discharged from this activity of extracting and refining
Crude Oil in Albania. Main Problems related to negative impact of the oil contamination Human Health and
Ecosystems and Biodiversity Ground waters are contaminating continuously from the Oil wells, pumps,
stacks and Pretreatment Plants. (see photo 1) .
There are almost 117 km water bodies actually contaminated from oil compounds and polymeric substances
which also are contaminating waters of Gjanica River and, Semani River. This situation is dangerous for the
agriculture food chain due to the water use for the irrigation.
The most important factors of the negative impact from oil discharged are:
•

Lack of suitable Infrastructure and the amortized technology for extracting oils in the field and the
treatment of crude oil [3[-[5].

•

Old Technology for the transportation and treatment of the wastewaters.

•

High Sulphur concentration in the Oil (acid rain)

•

Missing serious investments for the rehabilitation and avoiding new sources of contamination (see
fig.1).

Environmental health is disturbed because of the
compounds present in water contaminated with oil.
The contaminants present in wastewater being
discharged from refineries, which are hazardous
for life, are: suspended solids, phenols, benzene,
ethyl benzene, xylenes, sulphides, ammonia, poly
aromatic hydrocarbons and chemical oxygen
demand. Polycyclic aromatic hydrocarbons (PAH)
are normally found in crude oil. PAH undergo
biodegradation slowly under the aerobic conditions
in
aquatic
environments
[6].
Selection Figure 1. Actual situation of the crude oil discharged in the
river water
of Oil/Water Separation Technologies (see figure
2). Produced water Solid separation Primary,
Produced Water Separation Secondary , Produced Water Separation Tertiary, Produced Water Separation,
Advanced treatment Solids handling, Auxiliary Equipment [7]-[8] etc.

Figure 2. Sources of oil contaminated wastewater discharging from the refinery and on the ground pouring oil subproducts
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2.

MATERIALS AND METHODS

As the preliminary process it was mentioned a separation of oil from water through addition of some
chemicals to reduce the pH. For example, if effluent requires the removal of BOD or COD and installation of
a biological-treatment system then this could impact the selection of the oil-water. Oil Refineries have been
working for more than 30 years without changes in the technology and the logistics of the collections and
treatment [9].

2.1. Simulation Of A Oil Contaminated Wastewater Treatment Plant In Albania
The characterization of the secondary materials (wastewaters) evaluation using the Simulation Software has
been made based on wastewaters specific properties. This was done to give the average properties of different
products. The characterization of crude oil is one of the most important issues, because determining the
chemical nature of oil, its composition and physical parameters in different temperature and pressure
conditions have a key value in the refinery [10]-[12]. Two methods were used to characterize crude oil:
characterization based on physicochemical indicators and characterization by the simulation computer
programs. Physico-chemical characteristics mainly include the determination of hydrocarbon classes in crude
oil (petroleum, olefinic, paraffinic and aromatic hydrocarbons). According to the second method of
characterization with the simulation program, the constituent components of each of the crude oils of our
sources are determined. It is reasonable that in some cases the wastewater generation from some units of the
petroleum industry requires pretreatment before discharging it for wastewater treatment.

3.

PLANT DESİGN FOR THE TREATMENT OF THE OİL WASTEWATER USİNG
SİMULATİON WİTH CAPDETWORKS 04 FROM HYDROMANTİS INC.

Unit Process Parameters
Each unit process has a number of associated parameters that have an impact on the design and cost of the
process. As it is not the purpose of this guide to address all the unit processes in CapdetWorks [12]-[13] , a
simplified discussion is used to illustrate the parameter structure. The user is referred to the on-line help and
Technical Reference for the meaning and use of specific parameters. In general, the unit process parameters,
which can be found in the unit process dialog, can be subdivided into four categories [note that not all the unit
processes have all categories]: • Process Parameters • Design Override • Equipment • Replacement Schedule
Process Parameters The process parameters relate to process-related criteria.
Sensitivity Analysis: The ability to run sensitivity analyses with the designed layouts is a very useful feature
of the program. CapdetWorks gives the user the ability to analyze the estimated cost of a particular
configuration over a user-specified variable range. For instance, an estimate of the total cost of a
configuration can be analyzed as a function of the influent average flow rate. Alternatively, a sensitivity
analysis might provide valuable information about design decisions in the case where some variables are not
known with certainty. CapdetWorks is a powerful tool for the design and preliminary costing of wastewater
treatment facilities, and the details of the calculated design are a crucial output of the application.
Before executing the computer simulator, it was needed to determine the contaminated water property in
entrance of the previewed Treatment Plant for cleaning up the oil contaminated water. Samples has been
taken and were determined the properties of initial wastewaters coming from the oil refinery and the results
were presented in the Table 1.
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Table1. Properties of oil contaminated wastewater in entrance of the previewed treatment plant
Influent Wastewater
User Input Data
Description

Value

Units

100

m3/d

Minimum Flow

50

m3/d

Maximum Flow

3000

m3/d

Suspended Solids

231.5

mg/L

Average Flow

% Volatile Solids

75

%

270

mg/L

80

mg/L

COD

550

mg/L

Soluble COD
TKN

320
45

mg/L
mgN/L

Soluble TKN
Ammonia

29
26

mgN/L
mgN/L

Total Phosphorus
pH

10
7.5

mgP/L

Cations
Anions

165
165

mg/L
mg/L

Settleable Solids
Oil and Grease

12
130

mL/L
mg/L

0
0

mgN/L
mgN/L

Non-Degradable Fraction of VSS
Average Summer

40
30

%
deg C

Average Winter

10

deg C

BOD
Soluble BOD

Nitrite
Nitrate

4.

RESULTS AND DISCUSSION

With these data we constructed according to the templates of the simulator, the process flow diagram, as it is
shown in the figure 3.

Figure 3. Process flow diagram for the final plant design of the oil contaminated wastewater discharged from the Oil
refinery
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Then simulation procedure was followed according to the specific instruction, and the data results were
presented in the table 2.
Table 2. Simulation data results with cost estimation for each of the unit process operations
Process Summary
Process

Sludge Flotation
Thickening
Preliminary
Treatment
Anaerobic
Digestion
Primary
Clarification
Belt-Filter Press

Construction
($)

Operation
($/yr)

Maintenance
($/yr)

Material
($/yr)

Chemical
($/yr)

Energy
($/yr)

Amortization
($/yr)

138000

9040

4370

3450

0

297

11600

592000

31300

13200

6210

0

1300

56800

72000

25200

11100

637

0

750

6810

122000

42900

1590

1270

21

334

11500

812000

70

13

0

231

60

74300

Complete Mix
Activated Sludge
Secondary Clarifier

164000

41800

16800

1610

0

6730

14900

79800

26600

11900

712

0

752

7560

Hauling and Land
Filling
Ultra-Violet
Disinfection
Other Costs

284000

102

0

5600

0

0

61300

269000

0

2530

2690

934

6700

22700

2400000

73800

0

0

0

0

186000

The graphical presentation of the calculations results, were presented in the figure 4:

Sensitivity Analysis of simulated wwtp
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Figure 4. Results of the sensitivity analysis for a simulated wastewater treatment plant for the capacity minimum 50-300
m3/day.

Properties of water in the outlet of the simulated wastewater treatment plant were shown in the table 3:
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Table 3. Physical parameters of the wastewater out from the treatment.

Parameters

Outlet values

Mean Flow Rate (m / d)

1.2

COD total (mg / L)

26

COD soluble (mg / L)

6.8

BOD total (mg / L)

5.5

BOD soluble (mg / L)

4.3

Solids volatile (%)

62

Mean Summer Temperature (C)

32

Mean Winter Temperature (C)

10

TKN total (mgN / L)

20

3

TKN soluble (mgN / L)

18.5

Ammonia (mgN / L)

12.5

Phosphorous total (mgP / L)

7.8

pH

7.4

Cations (mg / L)

150

Anions (mg / L)

150

Suspended Solids (ml / L)

0

Oil and Greases (mg / L)

0

Following there are graphical presentations of the simulation results of the cost evaluation for each unit
operations included in the process flow diagram of the wastewater treatment plant through simulation
(Figures 5-8).
For the reason of comparison of the total cost for the construction materials and for the operational cost of the
different simulated plants we have played with capacities ranging from 100-3000 m3/day. The results of the
simulative calculations have been shown in the following tables 4 and 5.

Figure 5. Graphical presentations of the simulation results of the cost estimation for each unit operations
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Figure 6. Graphical presentations of the simulation results of the cost evaluation versus installation capacity of the
simulated plant flow rate of 1500-6000 m3/d.

Figure 7. Graphical presentations of the simulation results of the cost evaluation versus installation capacity of the
simulated plant for the initial flow rate of 1500-6000 m3/d

Figure 8. Graphical presentations of the simulation results of the cost evaluation versus installation capacity of the
simulated plant for the initial flow rate of 50-250 m3/d
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Table 4. Investment capital and revenues dependance with initial flow rate of the wastewater
Initial Flow

100 m3/day

300 m3/day

500 m3/day

1000 m3/day

3000m3/day

Capital Cost
Revenues

$4,730,000
$ 392,000

$6,090,000
$ 510,000

$ 705,0000
$ 592,000

$10,400,000
$ 885,000

$ 16,800,000
$ 1,440,000

Table 5 Material Cost and construction cost dependance with initial flow rate of the wastewater
Flow
Material Cost
Construction Cost

100 m3/day
$83,800
$196,000

300 m3/day
$86,700
$399,000

500 m3/day
$92,800
$556,000

1000 m3/day
$111,000
$857,000

3000m3/day
$157,000
$1,850,000

3.1 Process simulation of oil contaminated WWTP using GPS-X software
For the detail information for the plant design, it was applied a special software GPS-X from the same
company Hydromantis Inc. In the fig.9 and fig.10 is presented process flow diagram constructed according to
the software recommendations and templates for the oil contaminated wastewaters and material balances.

Figure 9. Process flow diagram according to the modelling procedure of the WWTP
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Figure 10. Material balances and streams composition for each operational units of the process

5.

CONCLUSIONS

This study was aimed at firstly find the proper way of wastewater from the oil refineries in Albania can be
treated, and secondly, during the modelling and simulation procedure, to be determined main indicating
parameters governing the treatment process and economic evaluation of the most important unit operations.
Applying special simulation software CAPDET WORKS 4.0 and GPS-X, it was performed plant design with
high efficacy relating to the results and to the cost of the entirely indicators determining the process activity.
After data treatment with initial wastewater flow of 100 m3/d, 300 m3/d, 500 m3/d, 1000 m3/d and 3000 m3/d
using simulation it was reached in outlet a very low content of BOD, COD and the other contaminants,
considering so optimistic and successful this design procedure!
On the other hand, after calculation for the treatment and cleaning of the wastewaters from the refinery of the
Crude Oil, it was showed necessary a relatively high value of investment, and other costs related to the main
wastewater plant which means the following values: yearly maintenance Cost 145.000$, yearly material Cost
$157.000, yearly energy demand $96.800 and the yearly amortization cost $1.500.000, for the maximum flow
rate considered during our study, which was 3000 m3/d of wastewater.
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Some Pharmaceuticals of Water Solution
Investigation of Electrochemical Oxidation
and Removal
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Abstract
The pharmaceuticals used for humans and other living things do not remain in the organism's body but
are excreted. The residues of the pharmaceuticals which enter the water as a result of both production
and usage cause water pollution. In this study, acetaminophen, a commonly used pain reliever and
metformin used in diabetes, was investigated removal by electrochemical oxidation from an aqueous
solution. 316 L stainless steel electrodes with 5x7 cm, 4 mm wall thickness were used in the
electrooxidation process. In the batch system, the concentration of pollutant, current density, NaCl
amount, and duration of the experiment was optimized by electrooxidation. The optimum conditions for
both drugs were 100 mg/L, the salt amount was 2.34 g NaCl, duration 3 of hours, and current density was
200 A/m2. Acetaminophen and metformin removal yields were obtained as 62.2% and 65%, respectively,
under optimum conditions.
Keywords: Acetaminophen, Electrochemical oxidation, Metformin, Pharmaceutical, Treatment.

1. INTRODUCTION
The production and use of drugs for the protection of health and the treatment of diseases are constantly
increasing all over the world and in our country. However, drugs that are discarded both during production
and after use are transported to aquatic ecosystems. It is possible to encounter drug residues in surface waters
in many parts of the world [1]. Thousands of tons of pharmaceuticals are produced to meet the increasing
demand all over the world. These pharmaceuticals used by humans are not fully metabolized in the body and
are excreted in the urine and feces. These discarded products are mixed with wastewater [2]. These wastes
mix with wastewater, underground, surface and drinking water [3].
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Effective treatment methods are needed for the removal of pharmaceuticals mixed with water resources by
eliminating the negative effects of pharmaceuticals on the environment and indirectly on the health of living
things. Pharmaceuticals are not suitable for biological treatment because they are resistant to degradation and
have toxic effects. Advanced oxidation techniques come to the fore for the treatment of such wastewaters [4].
These polluting pharmaceuticals represent 10000 special products and 4000 molecules. Many
pharmaceuticals such as painkillers, antibiotics, anti-depressants are found in lakes, rivers, drinking waters,
but rarely in groundwater [5-6].
In studies conducted in European countries to date, it has been determined that there are more than 100
pharmaceutical residues in wastewater, treatment plant effluent, surface and underground waters and even
drinking water [7].
In general, pharmaceuticals found in wastewater; can be classified as hospitals, health centers, pharmaceutical
industries and domestic. At the same time, their disposal with expired or half-used pharmaceutical packages
also causes them to be found in wastewater [8]. Pharmaceuticals found in hospital and domestic wastewater
are partially metabolized and unchanged pharmaceuticals are treated in treatment plants together with other
organic and non-organic pollutants and are given to the aquatic system. For example, it has been stated in
studies that metformin given to the receiving environment causes damage to living things [9-10].
Some drug types and active substances found in aquatic environments are given in Table 1.
Table 1. Some drug types and active substances found in aquatic environments [11].
Drug Type

Active Ingredients

Antibiotics

Sulfamethoxazole,
Sulfachlorpyridazine,
Sulfamerazine,
Sulfathiazole, Sulfadimethoxine, Sulfamethiazole

Analgesics/anti-inflammatory
pharmaceuticals

Diclofenac, Ibuprofen, Ketoprofen, Naproxen, Indomethacin, Fenoprofen,
Phenazon,
Acetaminophen
(Paracetamol),
Acetylsalicylic
Acid,
Demethylaminophenazone, Meclofenamic acid, Tolfenamic acid

Lipid regulators

Bezafibrate, Gemfibrozil, Clofibric acid, Fenofibric acid

Antiepileptic-Antihypertensive
pharmaceuticals

Carbamazepine, Primidone, Metoprolol, Propranolol, Nadolol, Carazolol, Timolol,
Betaxolol, Bisoprolol

Other found

Iopromide,
Diatrizoate,
(antidepressant)

Metformin

(antidiabetic

Sulfamethazine,

agent),

Fluoxetine

Acetaminophen is a non-steriod pharmaceutical with anti-inflammatory properties. It is used as a pain reliever
in many pains such as headaches, muscle and joint pain. In addition, it has anti-inflammatory and antipyretic
properties [12]. Its closed formula is C8H9NO2 [13]. Although acetaminophen is in ppt and ppm ratios in the
environment, it can turn into more than one metabolite depending on environmental conditions [14]. It is very
difficult to monitor because of the complexity of its metabolites. Some metabolites such as idroquinone and
benzoquinone are toxic to humans and other organisms [15].
Metformin increases the resistance of liver peripheral tissues to insulin. Toughness is a special
pharmaceutical that is produced partially to lower fasting blood sugar. Its closed formula is C4H11N5 [13,
16]. The widely prescribed Metformin and its main metabolite guanylurea (C2H6N4O) are currently two of
the most common pollutants in surface and wastewater. Metformin, which comes to wastewater treatment
plants, is easily decomposed into guanylurea [17]. Since guanylurea is resistant to biodegradation, it
accumulates in wastewater treatment plants [18]. Metformin and guanylurea have been reported in surface
waters at levels of micrograms per liter, an extremely high concentration for a contaminant [19,20].
In the electrooxidation method, insoluble electrodes (Ti, Ru, Pt, stainless steel, etc.) are used to provide the
desired oxidation with the gases (O2 and Cl2) in the anode region and the resulting H2O2 and OH•. With this
method, compounds that are difficult to biodegrade are converted into easily biodegradable organic
compounds or end products such as CO2 and H2O by oxidation [21]. Therefore, the process in which
pollutants in the environment are oxidized with insoluble metal/metal oxide electrodes (such as Pt/Ti,
Ti/Ru/Ir, Ni/Ti/Ga, steel) is known as the electrooxidation process. It was stated that the best results in
electrooxidation were obtained with metal oxide anodes [22].
Electrochemical oxidation is a method used for the removal of non-biodegradable toxic organic pollutants
and ammonia nitrogen contained in wastewater. It is also used to remove micro-pollutants such as nitrite,
nitrate, pharmaceutical and endocrine disrupting chemicals from wastewater [23]. Electrochemical oxidation
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is a recommended process because it does not lead to the accumulation of organic matter in the treatment of
resistant wastes, unlike other advanced oxidation processes such as ozonation and fenton oxidation [24].
Although the high energy consumption generally limits a full-scale commercial application, it is
recommended to use this method as a pretreatment with other methods [25].

2. MATERIALS AND METHODS
2.1. Materials
Synthetic wastewater is prepared from the active ingredients of Acetaminophen (Sigma Aldrich) and
Metformin (Sigma Aldrich). Power supply (AA Tech Regulated DC Power Supply ADC-3303 D), magnetic
stirrer (Edmünd Bühler GmbH), centrifuge (Hettich Micro 22 R) and pH meter (Probecond HQ40D) were
used in the experiments. The concentration of Acetaminophen and Metformin drugs were analyzed with Tetra
UV-Vis T90 brand spectrophotometer. 5x7 cm, 4 mm wall thickness 316L stainless steel electrodes were
used in the electrooxidation process.

2.2. Methods
In electrochemical oxidation experiments; concentration (25, 50, 100, 150, 200 mg/L), current density (50,
75, 100, 150, 200 A/m2), salt content (0.58, 1.17, 2.34, 4.68, 9.36 g) and time (1, 2, 3, 4, 5 hours)
optimizations were made. All conditions are optimized for the removal of Acetaminophen and Metformin
drugs by electrochemical oxidation.
Spectra of Acetaminophen and Metformin drugs were taken with Tetra UV-Vis T90 brand spectrophotometer
in the range of 200-800 nm. Maximum adsorbances were obtained for Acetaminophen and Metformin at 244
nm and 570 nm, respectively. Calibration charts are prepared according to these wavelengths.
Synthetic wastewater containing Acetaminophen and Metformin was put into 1 L glass pyrex beaker, which
was used as a reactor in the study, according to the experimental design. Fish were thrown into the flasks and
placed on the magnetic stirrer. The distance between the 5x7 cm, 4 mm wall thickness 316L stainless steel
electrodes was 7 cm and was kept constant throughout the study. NaCl was used to increase the conductivity
between the electrodes. The electrodes are wired to the anode and cathode terminals of the DC power supply.
Inlet and outlet drug concentrations were obtained by reading the samples taken from the beakers in the
spectrophotometer after centrifugation (6000 rpm, 5 min). Although pH values were monitored in the study,
no pH adjustment was made. The natural pH values of Acetaminophen and Metformin drugs in aqueous
solution were found to be 6.0-7.0 and 5.5-6.5, respectively.

3. RESULTS AND DISCUSSION
3.1. Acetaminophen Optimization Parameters
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The graphs of the electrochemical oxidation optimization using 316L stainless steel electrodes for
acetaminophen removal are given in Figure 1.
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Figure 1. Graphs of Acetaminophen removal by electrochemical oxidation process

Concentration, current intensity, NaCl amount and treatment time for acetaminophen were optimized
according to the experimental design given in Table 2. The highest removal efficiency was found as 62.2%.
In addition, the parameters of conductivity, anode-cathode loss, and consumed power, which are important
for the electrochemical oxidation process, were experimentally found and cost calculations were made (Table
3).
Table 3. Optimum values for Acetaminophen removal by electrochemical oxidation process
Initial
Concentration

Final Concentration

% Removal

Current
Density

NaCl

Time

100 mg/L

37.8 mg/L

%62.2

200 A/m2

2.34 g

3h

Initial
conductivity

Final conductivity

Anode Loss

Cathode
Loss

Power

Cost*

4.63 mS/cm

4.85 mS/cm

4.19 g

0.003 g

0.0075 kW

0.015 TL

*1 kW electricity price is 1.98 TL/kWh (EPDK, September 2022)

3.2. Metformin Optimization Parameters
The graphs of the electrochemical oxidation optimization using 316L stainless steel electrodes for metformin
removal are given in Figure 2.
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Figure 2. Graphs of Metformin removal by electrochemical oxidation process

Concentration, current intensity, NaCl amount and treatment time for metformin were optimized according to
the experimental design given in Table 2. The highest removal efficiency was found as 61%. In addition, the
parameters of conductivity, anode-cathode loss, and consumed power, which are important for the
electrochemical oxidation process, were experimentally found and cost calculations were made (Table 4).
Table 4. Optimum values for Metformin removal by electrochemical oxidation treatment
Initial
Concentration

Final Concentration

% Removal

Current
Density

NaCl

Time

100 mg/L

39 mg/L

%61

200 A/m2

2.34 g

3h

Initial
conductivity

Final conductivity

Anode Loss

Cathode
Loss

Power

Cost*

4.36 mS/cm

4.83 mS/cm

4.18 g

0.001 g

0.0086 kW

0.017 TL

*1 kW electricity price is 1.98 TL/kWh (EPDK, September 2022)

4. CONCLUSIONS
Acetaminophen is one of the most commonly used drugs worldwide. It is among the most frequently detected
pharmaceutical products in domestic wastewater treatment plants, surface waters and drinking water [26]. In
the researches, it has been found that it is a toxic environmental pollutant for human and living life in aquatic
environments [27]. In this study, using stainless steel electrodes, electrochemical oxidation processes
occurred inside the cell. It was found that the removal efficiency increased with the increase of the current
density in the electrochemical oxidation process performed in 1 L of synthetic wastewater containing 100
mg/L Acetaminophen. Zavala and Estrada found similar results in their study in 2016 [28]. However, the
increase in the wear of the stainless steel electrodes with the increase of the current density [29] and the
increase in the energy cost are the weaknesses of this process. In similar studies, it has been reported that the
electrochemical oxidation process takes between 2-6 hours with varying conditions [30, 31]. In this study, the
optimum time was found to be 3 hours.
Metformin, which is in drinking and utility water, can cause digestive system disorders, diarrhea, nausea,
vomiting, etc. effects [32]. Therefore, adsorption, membrane separation, advanced oxidation processes,
biodegradation, etc. It is important to purify Metformin and other drugs in water and wastewater with
treatment methods [33]. Adsorption combined with electrochemical oxidation from these processes has been
found to have great potential to remove Metformin from wastewater [34]. In this study, 61% metformin
removal was achieved from synthetic wastewater as a result of electrochemical oxidation process using 316L
stainless steel electrodes.
It is thought that the removal efficiency can be increased by investigating chemical interactions and
mechanisms in the use of electrochemical oxidation method in the removal of Acetaminophen and
Metformin. However, the results from this study were promising [35, 36]. The fact that stainless steel is less
resistant to dissolution and corrosion than other metals and carbon-derived materials is a disadvantage for the
electrochemical oxidation process. However, its low cost and easy availability causes it to be preferred over
other materials. In conclusion, electrochemical oxidation with stainless steel electrodes is a viable, viable,
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economical and sustainable technological alternative to purify acetaminophen and Metformin drugs and their
conversion products.
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Dairy Effluent Cow Buttermilk:
Characterization Its Compositions With XRay Fluorescence Spectrometer (XRF)
Meghzili Batoul 1, Benyahia-Krid Férial Aziza1, Bougherara hassina2, Sayoud
Siham2, Kebabi Brahim2
Abstract
Dairy industries in Algeria are released more than 300.000 liters of buttermilk into the sewer system
without being confirmed for their components which may become an environmental risk and an economic
problem.Dairy by products buttermilk is an environmentally harmful co-product coming from the
activities of butter workshop, because it has a high content of organic matter. It cannot be discarded
directly into the environment. The aim of this study is to evaluate the mineral characterization of
buttermilk relating to an Algerian dairy industry company for the purpose of changing the concept of
pollution prevention. The methodology consisted in measuring by X-rayfluorescence spectrometry the
presence of the elements such as Ca, K, Cl, P, Si and Mg . The results show the reuse of buttermilk into
certain food matrices is an objective of the sustainability of the Algerian dairy industries for an economic
and environmental interest.
Keywords: Algerian dairy industry ; buttermilk ; minerals compounds; X-ray-fluorescence spectrometry

1. INTRODUCTION
The dairy industry wastewater is characterized by high biological oxygen demand (BOD), chemical oxygen
demand (COD) and nutrients level ([1] , [7]) Most of the dairy wastewater is release in the environment
without any treatment which may lead to several problems such as pollution. Therefore, treatment of dairy
industry wastewater becomes very important to fulfil the water requirement for a dairy industry and also to
the environment ([1], [4], [6], [7]).
However, the minerals compounds within dairy effluents can have a wide range of negative and indirect
effects on environments systems. Similarly, the impact activities of minerals on the environment based on the
idea by increasing efficiency in the use of raw materials [8]. Moreover the reuse of buttermilk into certain
food matrices .
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Therefore, the Algeria dairy industries are released over then more than 300.000 liters of buttermilk into the
sewer system without being set for their components which may become an environmental risk and economic
conflict [3].

2. MATERIALS AND METHODS
Specimens was collected from the workshop of butter in an Algerian dairy manufacturing before it’s interface
with sewage pips. A fifteen milliliter (15 ml) liquid sample was analyzed to determine the chemical
composition of the buttermilk sample. This analysis was performed using a Panalytical brand Epsilon 3 X-ray
fluorescence spectrophotometer with a power output of 9 watts. Controlled from OMNIAN software. This
process includes parameters of 20 kV and 0.1 mA.

3. RESULTS AND DISCUSSIONS
The results obtained analyzing the spectrum of the X-ray fluorescence are presented in (Figure 1), the
information of the spectrum showing the following elements: Ca, K, Cl, P, Si and Mg. The negative side of
the existence of minerals in the nature can affect the growth of various bacteria and virues; using it as a
growth factor on the one hand and on the other hand this mineral can lead to significant complication to plant
growth, which is something mentioned by Ribeiro et al. 2020. [5], that calcium (Ca) and because it affects
soil pH, it can lead to a shift in antagonistic microbial populations, as well as high rates of Mg that interferes
with Ca uptake can increase the incidence of diseases such as fruit spot caused by bacterial causing spot of
tomato and pepper or peanut pod rot affected by Xanthomonas campestris pv. vesicatoria [2].

Figure 1. Spectrum analysis of the X-ray fluorescence of buttermilk

4. CONCLUSİON
There is a wide range of detection and quantification methods that have been used to detect and quantify
minerals and metal in wastewater samples. The chemical composition analysis by X-ray fluorescence
spectrometry comfirmed the main mineral phases of buttermilk , and that's why buttermilk can be used as
supplements in food production and could reduce the economic losses caused from dumping the waste
products into the sewer system and as a result environmental interest.
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