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Preface

This book covers the latest in recycling and reuse research focused toward greater 
sustainability and is inclusive of chapters authored by the world’s leading thinkers 
and practitioners in the field. The authors’ contributions are presented in five chap-
ters. The first chapter, Recycling and Reuse, contains the results of the studies on 
soil improvement with reused tires and pets, domestic wastewater stream segrega-
tion, beneficial use of dredged materials, and university students’ recycling behav-
ior. The second chapter, Solid Waste Management, comprises of the results of the 
studies on life cycle environmental impact analysis, phosphorus management, 
recovery of phosphorus and nitrogen from sewage sludge, and pyrolysis of sludge 
and wastes. The third chapter, Renewable Energy, includes the results of the studies 
on energy production from excess pressure in municipal water supply systems, bio-
fuel production from carbon dioxide gas, energy performance of residential build-
ings, and green roofs and urban life sustainability. The fourth chapter, Environmental 
Studies, deals with the results of the studies on evaluation of natural radioactivity of 
cements, ecological footprint, climate change and greenhouse gasses, and assess-
ment of heavy metal pollution in urban soils. The final chapter, Wastewater 
Management, contains the results of the studies on anaerobic acidogenic bioreactor, 
heterogeneous photocatalytic treatment, gray water management, treatment of olive 
oil mill wastewater, and dye removal from wastewater.

Environmental issues with up-to-date literature and experimental focuses are 
contained making this text attractive to students, researchers, and professionals 
working in recycling and reuse, solid waste management, renewable energy tech-
nologies, environmental studies, and wastewater management issues within the geo-
science, engineering, and chemistry fields.

We would like to thank Professor İbrahim Dincer, Christopher T. Coughlin (the 
Senior Editor of the Springer Nature), Ho Ying Fan (Associate Editor of Springer 
Physics), and Ms. Chandhini Kuppusamy (Production Editor). We would like to 
acknowledge the authors for their contribution to the book.

Istanbul, Turkey Nilgün Balkaya  
 Sinan Guneysu  
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Examination of Soil Improvement 
with Reused Tires and Pets

Perihan Biçer, Ertuğrul Ordu, Emine G. Abanozoğlu, and Şeyma Ordu

Abstract Various studies have been executed for the aim of obtaining new products 
via reused waste materials or to use such materials as admixture materials in already 
available products. The widespread, worldwide popularity of automobile traffic and 
increasing quantity of PET (polyethylene terephthalate) pose risks for human health, 
environmental safety and aesthetical concerns, etc. However, the reuse of waste 
tires and plastic materials in various applications has been encouraged and increased 
globally.

The objective of the present study is to analyze not only the usability of such 
wastes by adding waste tire and waste PET materials into the soil but also to deter-
mine their effects on the soil characteristics. Sieve analysis, hydrometer test, pyc-
nometer, and compaction and CBR (California bearing ratio) tests have been 
conducted on a sample soil from Corlu region. In optimum water content, CBR tests 
have preliminarily been conducted on a natural soil sample, which was then ensued 
by adding into the soil sample 2% ratio of tire, 2% ratio of PET, 4% ratio of 
PET + 0.5% ratio of tire, and 0.5% ratio of PET + 4% ratio of tire (by weight), 
respectively. The results of the laboratory tests performed revealed that a significant 
change was not observed in the CBR values of the waste tire, while the PET admix-
ture led to an increase in the CBR values.

Keywords Reuse · CBR values · Compaction · Waste tire · PET (polyethylene 
terephthalate)
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 Introduction

Corresponding to population growth as well as the industrial developments in mod-
ern day which in turn boosted new demands, considerable quantities of slag, fly ash, 
plastic wastes, cullets, waste tires of vehicles, and many other waste materials 
emerge during production as well as usage process. Safe storage of the emerging 
waste materials has become an increasingly toilsome and costly process in addition 
to triggering huge problems such as environmental pollution. It is therefore essen-
tial to make the best of the industrial wastes in various usage areas for the better-
ment of national economy. As a consequence of the increased use of automobiles in 
the globe, there has been a parallel rise in the quantity of waste tires each year. Since 
these unified-part waste tires contain multiple cavities, they are hard to compress 
and cannot decompose in the short term; thus, it is not preferred to store them in 
solid-waste storage areas [1]. In civil engineering applications, waste tire parts are 
not used independently; they are used via mixing with soil at specific ratios thereby 
preventing potential geotechnical problems that might occur due to the low shear 
resistance of the waste tires [2].

It lasts more than a thousand of years for any given plastic materials to entirely 
disappear from the natural soil. Hence, one of the logical methods to mitigate plastic 
wastes collected in storage areas and the consequential environmental pollution is 
to employ such materials in relevant industries. In general sense, the largest area in 
the reuse of waste materials is the construction applications in which a remarkable 
portion of waste materials can be reused.

Laboratory compaction and CBR tests have been performed to measure the 
effects of waste tire and waste PET on the soil sample. Suggestions have been ren-
dered upon analyzing the results of the experimental study.

 Material and Methods

The sample from Corlu region, which then would be used for this analysis, had been 
taken to the laboratory. Sieve analysis, hydrometer analysis, and specific density 
tests were conducted to determine the physical characteristics of the said sample in 
the laboratory. To identify the effects of waste tire and PET admixture on the soil 
sample, compaction and CBR tests were repeated in the laboratory. Optimum water 
content and maximum dry unit weight of the natural soil sample were measured via 
implementing compaction test on the natural soil. CBR tests were conducted repeti-
tively on the natural soil sample as well as by adding 2% ratio of tire, 2% ratio of 
PET, 4% ratio of PET + 0.5% ratio of tire, and 0.5% ratio of PET + 4% ratio of tire 
(by weight) to the natural soil, respectively.

For the purposes of the present study, granulometric characteristics (grain diam-
eter distribution) of the soil were determined via sieve and hydrometer analysis 
tests. Figure 1 exhibits the granulometry curve obtained by evaluating the results of 
the sieve and the hydrometer analysis tests. At the end of these tests, soil classifica-

P. Biçer et al.
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tion was determined as clayey sand (SC) according to the Unified Soil Classification 
System (USCS).

In Table 1, gravel, sand, silt, and clay ratios of the soil obtained from soil’s gran-
ulometry curve are presented. The uniformity coefficient (Cu) and the coefficient of 
gradation (Cc) for different diameter values are provided from the grain-size distri-
bution curve, and they are given in Table 2.

Pycnometer test revealed that the grain unit weight of the soil sample was 2.67, 
and the results of specific density test were as displayed in Table 3.

Fractured PET bottle and shredded waste tire utilized in this study are as seen in 
Fig. 2.

Fig. 1 Granulometry curve of the soil sample

Table 1 Gravel, sand, silt, and clay ratios of the soil sample

Gravel (%) Sand (%) Silt (%) Clay (%)

1.25 64.62 9.8 24.3

Table 2 Uniformity coefficient and grading coefficient values of the soil sample

D10 (mm) D30 (mm) D60 (mm)
c

D

Du =
60

30

C
D

D Dc =
( )

( )( )
30

2

10 60

0.003 0.07 0.4 5.71 133.33

Table 3 Measuring the specific density of soil sample

Pycnometer weight (g) W1 38.92

G
W W

W W W Ws =
−( )

−( ) − −( )
2 1

4 1 3 2

Gs = 2.67

Pycnometer + soil (g) W2 48.93
Water + pycnometer + soil (g) W3 148.16
Water + pycnometer (g) W4 141.89

Examination of Soil Improvement with Reused Tires and Pets
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The most vital test is the compaction test in the aftermath of soil classification 
and determining unit weights. The compaction test used in this study is the modified 
Proctor test. The aim of the Proctor test is to determine the optimum water content 
and the maximum dry unit weight that could provide the best compaction in the 
field. The optimum water content in which the soil grains can compact the best is 
critical for the stabilization of the soils. The main principle of this test is to com-
press the material inside a certain pot by specific energies applied onto the definitive 
numbers of layers. At the end of the compaction test performed in the laboratory, the 
optimum water content of the soil was measured as 10.7%, and its maximum dry 
unit weight was measured as 2.036 g/cm3. The results of the compaction test are 
given in Table 4, and the compaction test curve is shown in Fig. 3.

The CBR (California bearing ratio) is a test designed in 1929 by Highway 
Research Center stationed in the state of California (USA) to determine whether 
soils are fit to be used in the substructure of highways. California bearing ratio is 
expressed in percent, and it is obtained such that the resistance to penetration at a 
specified deflection is divided by the resistance offered by a standard crushed rock 
at the same penetration [3]. The CBR test is a penetration test that can be applied on 
a number of soil types ranging from clay to fine gravel. To perform the CBR test, 
materials were prepared in optimum water content predetermined in a modified 
proctor test and made ready upon compressing in a CBR mold. The soil samples, 
additive-free and containing 2% ratio of PET, 2% ratio of tire and 4% ratio of 
PET + 0.5% ratio of tire, and 0.5% ratio of PET + 4% ratio of tire, respectively, were 
prepared in optimum water content as seen in the CBR test graphic. The test results 
can be visualized in Fig. 4, and the CBR values can be further studied in Table 5.

Fig. 2 Fractured PET bottle (a) and shredded waste tire (b)

Table 4 Parameters obtained 
from compaction test

Optimum moisture content, wopt (%) 10.7
Maximum dry weight, γk (g/cm3) 2.24

P. Biçer et al.
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 Results and Discussion

Reused waste material and by-products add financial value to waste materials by 
mitigating the use of already-limited natural resources and minimize potential envi-
ronmental problems that would occur in the event of storing the mentioned materi-
als. It is thus suggested that the industrial wastes be benefited by implementing in 
several usage areas for the improvement of the national economy. In the present 

Fig. 3 Compaction test curve

Fig. 4 Load-penetration curves in the CBR test

Examination of Soil Improvement with Reused Tires and Pets
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study, the usability of waste tire and plastic in soil improvement activities was ana-
lyzed. Besides, by adding shredded waste tire and admixture materials formed of 
waste PET pieces into the sandy soil, their effects on the CBR characteristics of the 
sandy soil were examined. When the results of the CBR tests applied on the natural 
soil and the results of the PET-added CBR tests were compared, it was seen that 
there was an observable increase in the CBR values, whereas a comparison with the 
result of the CBR tests obtained via admixing tire manifests that the tire did not 
provide a significant contribution to the CBR results. When 4% ratio of PET + 0.5% 
ratio of tire (by weight) admixture pattern was added to the soil, an increase in the 
CBR value was measured. When 0.5% ratio of PET + 4% ratio of tire (by weight) 
admixture pattern was added to the soil, a significant increase in CBR value was not 
measured. By mixing admixture materials formed of waste PET parts with sandy 
soil, the effects of sandy soil on the characteristics of the CBR were assessed.

The results of the tests manifested that by adding shredded waste tires to the 
sandy soil, a significant increase was not measured in the CBR values. However 
significant improvement could be obtained in the CBR values on a condition that the 
admixture material formed of PET parts was mixed with sandy soil.

It is our hope that the present study will shed light to the future studies on the 
same topic. As was underlined in this study, the desired level of soil improvement 
on sandy soil cannot possibly be achieved by adding tires solely.

For prospective studies focusing on the same topic analyzed hereby, it thus 
became crystal clear once again that there is an urgent need for conducting researches 
focusing on this process by using different recyclable materials.

Acknowledgments The authors would like to acknowledge the valued support of Namık Kemal 
University, Department of Scientific Researches Project for the NKUBAP.00.17.AR.13.04 no proj-
ect titled as The Use of Waste Tires in Soil Improvement, Lokman Geri Kazanım A.Ş. for their 
assistance in obtaining waste tires, and Setaş Kimya Sanayi A.Ş. for their assistance in procuring 
waste PET materials.

Table 5 CBR values in different waste tires and waste PET ratios

Test name Penetration (mm) Load (kg) CBR values (%) CBR values (%)

Additive-free CBR 2.5 81 6 8.81
CBR 5.0 174 8.81

%2 PET CBR 2.5 100 7.34 9.83
CBR 5.0 201 9.83

%2 tire CBR 2.5 79 5.8 8.51
CBR 5.0 174 8.51

% 4 PET + % 0.5 tire CBR 2.5 398 29.2 32.9
CBR 5.0 674 32.9

% 0.5 PET + % 4 tire CBR 2.5 63 4.6 6.55
CBR 5.0 134 6.55

P. Biçer et al.

http://nkubap.00.17.ar
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An Appraisal of Domestic Wastewater 
Segregation from the Perspective 
of Recovery, Recycling, and Reuse

Bilsen Beler-Baykal

Abstract One recent sustainable alternative for domestic wastewater management 
is stream segregation at the source to recover, recycle, and reuse valuable materials 
embedded in each stream. Gray water may be treated to remove organic matter and 
pathogens to return the reclaimed water to almost any point in the water cycle as an 
alternative source of water including toilet flushing and irrigation. Yellow water may 
be used as a significant source of nitrogen, phosphorus, and potassium as plant 
nutrients to be recycled as fertilizers through direct or indirect routes. Finally, 
organic matter in brown and black water may be used as a source of energy or as a 
soil conditioner after composting. Regardless of the form of segregation, each 
stream presents a new concept/route in terms of recycling and reuse to enable reval-
uation of this “waste” stream, i.e., domestic wastewater, as a beneficial source.

Keywords Stream segregation · Gray water · Yellow water · Brown water · Black 
water · Recovery · Alternative water source · Fertilizers from urine · Recycling and 
reuse

 Introduction

In recent years, sustainable alternatives for conventional domestic wastewater man-
agement practices have been finding a considerable attention in the agenda. Several 
of those options also focus upon recovery of a number of different materials as well 
as energy to be recycled and reused. One of such alternatives is segregation of 
domestic wastewater into streams at the immediate source/point they are produced 
to be handled further to be valorized for various purposes. Common segregated 
domestic wastewater streams include black water, which refers to toilet wastewater, 
and gray water, all except wastewater coming from the toilet bowl, in addition to 
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yellow and brown water, which are separately collected human urine and human 
feces, respectively.

Currently, the most common routes of segregation are separation of domestic 
wastewater in two components as gray water and black water or in three compo-
nents as yellow water, brown water, and gray water. The latter is more commonly 
called as ECOSAN (ECOlogical SANitation) segregation which considers domes-
tic wastewater as a source to be revaluated rather than a waste to be discarded. As 
such, segregated streams/ECOSAN approach offers a pathway to alleviate domestic 
wastewater-related water pollution problems while providing a new means for recy-
cling and reuse of water, nutrients, and possibly energy embedded in wastewater 
from households. Within that context, gray water can be used as an alternative 
source of water upon proper treatment to recycle water itself, while yellow water is 
an effective source of plant nutrients to be used as fertilizers, and black/brown water 
are possible sources of organic matter for the production of biogas, especially meth-
ane, to be used as energy or compost to be used as a soil amendment [1–3].

Acknowledging its meaningful contribution to environmental pollution control 
and its respective benefits, this section will focus mainly upon the recycling/reuse 
aspects of stream segregation through recovering valuable material, and possibly 
energy, with an emphasis on gray water and yellow water. An appraisal of possible 
segregated domestic wastewater streams (gray, yellow, brown, and black water) will 
be presented from the perspective of recovery, recycling, and reuse of water and 
nutrients, together with a touch upon the potential for possible energy recovery as 
dictated by the contents of each stream. Emphasis will be placed on possible short-
cuts and benefits of those streams in closed loops/circular operation in line with the 
suggested approach, and a comparison with current open loops/linear systems of 
conventional practice will be provided.

 Segregation of Domestic Wastewater and Segregated Streams

Stream segregation is a recent domestic wastewater management concept which is 
based on strict source control in the form of separating streams at the very first point 
that they are generated, avoiding mixing of those different streams, and processing 
each one separately to match their characteristics for generating usable products to 
be forwarded to their next end uses. The main idea is to handle domestic wastewater 
as a source to be revaluated, not as a “waste” to be disposed of. The fundamental 
purpose is to create value out of those waste streams and use them as “inputs” or 
“raw materials” into some functional processes on one hand while taking care of the 
environment through water pollution control. The main actions/messages regarding 
this approach include segregating at the immediate source; keeping streams sepa-
rate; avoiding mixing; closing material cycles, especially water and nutrients; creat-
ing value from this “waste” stream, i.e., domestic wastewater; and controlling 
pollution. This means collecting, recovering, recycling, and reusing the hidden 
value embedded in domestic wastewater to generate further benefits.
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Characteristics of the four possible streams, gray, black, yellow, and brown 
water, from domestic wastewater segregation available at this time are significantly 
different from each other in terms of constituents as indicated in Table  1. 
Conventional mixed domestic wastewater is also included in the table for 
comparison.

It may be observed from Table 1 that gray water which takes up ¾ of the volume 
is the mildest of all segregated streams as well as conventional domestic wastewater 
itself in terms of pollution potential with only organic matter to be removed and 
pathogens to be controlled before it can be reused in the water cycle for a number of 
different end uses. Table 1 also shows that the majority of the nutrients in domestic 
wastewater, i.e., over 80% of nitrogen and 50% of phosphorus, together with over 
50% potassium, will reside in yellow water which constitutes only 1% of domestic 
wastewater volume [1], pointing at the very rich and concentrated nutrient content 
of this stream. In contrast to the low pathogenic content of yellow water, the greatest 
majority of pathogens and nearly half of the organic matter in conventional domes-
tic wastewater will be encapsulated in brown water, which is equivalent to only 
0.1% of the volume. In addition to the entire human metabolic wastes in yellow and 
brown water streams in ECOSAN segregation, black water would contain flush 
water, leading to relatively lower concentrations, and would typically be equivalent 
to about ¼ of the conventional domestic wastewater by volume. It is to be noted that 
black water and yellow and brown water cannot be obtained at the same time, that 
is, either black water or yellow and brown water will be produced in one given 
application, as opposed to gray water which is generated under all circumstances 
regardless of the type of segregation adopted.

 An Overview of Recovery/Recycling/Reuse of Materials 
and Energy from Segregated Streams

It will be noted from the previous section that each segregated domestic wastewater 
stream is unique in its contents and can be matched/paired with relevant end uses 
depending upon its constituents. Additional characteristics and possible end uses 

Table 1 Constituents and volumes of domestic wastewater [based on 1, 2 with minor revisions]

Conventional domestic ww Gray water
Yellow 
water

Brown 
water

Black 
water

Organic 
matter

100% 41% 12% 47% 59%

Nitrogen 100% 3% 87% 10% 97%
Phosphorus 100% 10% 50% 40% 90%
Potassium 100% 34% 54% 12% 66%
Pathogens 100% Intermediate Low Very high High
Volume 100% 75% 1% 0.1% 25%

An Appraisal of Domestic Wastewater Segregation from the Perspective of Recovery…
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after proper processing of the four segregated streams are presented in Table 2, and 
possible processing alternatives are given in Table 3.

Gray water produced in several different washing functions in the household is 
an alternative source of water that may be returned to almost any point in the water 
cycle after proper treatment. It is rich in organic matter, which has to be removed 
from the liquid phase most commonly in a biological system before it can be reused 

Table 2 Summary of characteristics of segregated domestic wastewater streams [2]

Significant 
constituents

Constituents to 
be revaluated

Constituents to be 
eliminated prior to 
reuse

Valuable 
products Final use

Gray 
water

Organic 
matter 
Pathogens

Water Organic matter 
Pathogens

Water Water cycle 
Flush water
Service water
Urban 
cleaning
Irrigation

Yellow 
water

Nitrogen
Phosphorus
Potassium

Nitrogen
Phosphorus
Potassium

Pathogens
Pharmaceuticals?
Hormones?

Fertilizer Agriculture
Landscape
Green areas

Brown 
water

Organic 
matter
Phosphorus
Pathogens

Organic
matter
Phosphorus

Pathogens Biogas/energy
Compost/soil 
conditioner

Energy
Agriculture
Landscape

Black 
water

Organic 
matter
Nitrogen
Phosphorus
Potassium
Pathogens

Organic matter
Nitrogen?
Phosphorus?
Potassium?

Pathogens Biogas/energy
Compost/soil
conditioner?
Fertilizers?

Energy
Agriculture?
Landscape?

Table 3 Segregated domestic wastewater streams: processing options and possible end uses

Stream Gray water Yellow water Brown water Black water

Source Wash water in the 
household, all domestic 
wastewater except 
toilet-bowl wastewater

Source 
separated 
human urine

Separately 
collected human 
feces, possibly 
flush water and 
toilet paper

Toilet wastewater 
containing human 
urine, feces, 
probably flush water 
and toilet paper

Processing 
options

Biological treatment
Physicochemical 
treatment?

Direct use 
after storage/
dilution
Indirect use 
after 
processing

Anaerobic 
processing
Composting

Anaerobic 
processing, mostly 
in combination with 
vacuum toilets
Composting

End uses Water to be returned to 
almost any point in the 
water cycle after proper 
treatment

Fertilizer Energy
Agricultural use

Energy
Agricultural use?
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for a line of final uses. Controlling pathogens is another priority action to be prac-
ticed before recycling reclaimed gray water [4].

Yellow water or source separated human urine presents an effective source of 
fertilizers as it contains the majority of macronutrients, nitrogen (N), phosphorus 
(P), and potassium (K), in domestic wastewater, which constitute the three main 
ingredients of fertilizers. Hence, the two major nutrients N and P which pose a 
threat to the water environment are significant constituents to be recovered for recy-
cling in addition to K to support plant growth.

Urine may be applied either through direct or indirect routes. If the former is 
selected, storage for 6  months is recommended before application for hygienic 
safety [5, 6], and dilution is frequently practiced to alleviate the salinity hazard [7].

Processing of urine to remove and recover NPK from the liquid phase is needed 
for indirect use, and the most common methods seem to be struvite precipitation, 
stripping followed by absorption, or ion exchange/adsorption in combination with 
subsequent desorption, although others also appear in the literature [8–10]. 
Components which require special attention in this stream are pathogens [5, 6], 
although not as critical as in other segregated streams [11] together with pharma-
ceuticals and hormones, which are yet to be investigated further.

In case of brown water, organic matter is the most valuable component. Brown 
water may be used as a source of organics in anaerobic processes to produce biogas, 
which may in turn be used for generating energy. Digestate from biogas production 
is being investigated as a possible fertilizer as exemplified by Kocaturk-Schumacher 
et  al. [12]. An alternative way of revaluating brown water is to make use of its 
organic content for producing compost to be returned to agricultural fields or land-
scape areas as a soil conditioner. In this case, a part of P may also be recycled.

Black water is composed of urine, feces, and flush water. It is rich in all major 
components listed for yellow and brown water, yet those components are consider-
ably more dilute due to flush water which is almost ¼ of domestic wastewater by 
volume providing the liquid phase for dilution. Black water is rich in terms of all 
major constituents including NPK, organic matter, and pathogens. Since in addition 
to pathogens, concentrations are low and the volume is large, suitability of black 
water to be recycled for plant use has to be studied further. However, it contains 
organic matter, which may be converted to biogas, more significantly to methane. In 
several applications which revaluate this stream through energy recovery, vacuum 
toilets using minimal flush water were preferred to keep dilution at a minimum for 
more effective results. Composting organics from black water may also be poten-
tially considered for recycling useful material.

One very important discourse of the ECOSAN concept is closing of material 
cycles. Figure 1 presents a comparison of the conventional cycle with the ECOSAN 
cycle. The former is an open cycle where fertilizers are produced from scratch using 
materials in gas, liquid, and solid phases as necessary to maintain the food chain 
mostly from limited sources and wastewater generated after consumption is treated 
and released into the atmosphere, water bodies, and soil. With ECOSAN, compo-
nents of the wastewater cycle are returned back to the food cycle in a shortcut as a 
closed loop, eliminating some of the steps in the conventional one. As an example, in 
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the conventional case ammonia, one of the most widely used nitrogenous fertilizers 
is synthesized from nitrogen gas and hydrogen through the Haber-Bosch process 
which is reported to use about 1% of the annual global energy consumption [13].

After wastewater generated as a result of excretion and washing functions is col-
lected in one single pipeline and lead to domestic wastewater treatment plants, 
ammonia is converted into nitrogen gas through nitrification/denitrification pro-
cesses which is released into the atmosphere. With the ECOSAN approach, how-
ever, urine is segregated in urine-diverting toilets as yellow water, which may either 
be applied directly or be used indirectly after processing to recycle it in the form of 
an ammonium-containing fertilizer, without converting it into nitrogen gas, which is 
subsequently synthesized into ammonia once again. As such, the ECOSAN approach 
provides a shortcut by bypassing conversion into nitrogen gas and subsequent need 
for the Haber-Bosch process.

It is also to be noted that “treatment” in the conventional cycle which basically 
aims to convert pollutants into acceptable final products to be released into various 
segments of the environment is replaced by “processing” in the ECOSAN cycle 
which refers to converting constituents of conventional wastewater into useful prod-
ucts to be recycle and reused.

An essential point in effective material recycling/reuse is to carry out material 
balances for material demand of the intended end use and material to be produced 
from respective streams to make sure that they match. Proximity between the final 

Food Consumption Food Consumption

WASTEWATER

Agricultural Crops Agricultural CropsExcretion & Washing
Functions

Excretion & Washing
Functions

Soil Application Soil Application

SOIL CONDITIONER

Processing
for further use

Wastewater Treatment
& Disposal

Fertilizer Industry Water
K, N, P,

etc.

Inputs
(K, N, P, energy,etc.)

Sludge
Biomass

etc.

Air
CO2, N2,

etc.

FERTILIZER

IRRIGATIONAL
WATER

FECES

URINE

GREY WATER

Fig. 1 Left, conventional (open loop/linear); right, ECOSAN (closed loop/circular) cycles
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use area and the origin of materials to be recycled is a critical issue in terms of 
feasibility.

 Recovering Water from Gray Water

Gray water which constitutes ¾ of the volume may either be collected as one entire 
entity in a combined/mixed stream or may be subdivided as light/dark or weak/
strong gray water. As the name implies, light gray water has even a lower pollution 
potential as compared to mixed gray water and dark gray water.

Gray water presents a viable source of water, which may be returned to almost 
any point of the water cycle after pertinent treatment to meet the specific require-
ments of each respective end use. Due to having organic matter as its most predomi-
nant pollutant, gray water has to be treated to remove its organics content. This is 
generally done through the use of common biological treatment schemes, including 
land demanding ones like constructed wetlands and compact systems like rotating 
biological contactors (RBC) and membrane bioreactors (MBR). Monitoring and 
characterization in somewhat longtime spans are desirable to make the best selec-
tion as the characteristics of gray water may vary significantly [14]. Although not 
emphasized as clearly and strongly as organic matter in the literature, control of 
pathogens is essential in safeguarding hygienic well-being [4].

Toilet flushing and irrigation seem to be the most popular end uses although car 
washing, firefighting, urban cleaning, and groundwater recharge are some other 
areas of reuse. It is to be noted that the quantity of light gray water is just enough to 
cover the demand for flush water; hence only through recycling light gray water for 
flushing will secure 25% water savings and will avoid “wasting” water of drinking 
water quality for sweeping away human metabolic wastes. The contribution of gray 
water recycling especially in water stressed/water scarce areas should not be over-
looked. More on the subject matter is presented in a later chapter of this book.

 Recovering Plant Nutrients from Yellow Water

The annual quantity of NPK in human excreta on a global scale is equivalent to 
about 35–40% of the entire annual global fertilizer use, and the greatest portion of 
this comes from urine. It may be calculated from the information provided in [15] 
that urine from one person is equivalent to the amount of NPK fertilizers needed to 
produce about 200 kg of cereals on an annual basis or one loaf of bread per day. 
Obviously, recovery of nutrients from human urine is indeed a potential effective 
way of combating with hunger on a global scale, and its contribution to food secu-
rity cannot be overlooked. This potential should be named as an indispensable 
source of fertilizers especially after demonstrating acceptable risks and finding the 
best route of recovery including elimination of pharmaceuticals and hormones if 
needed.

An Appraisal of Domestic Wastewater Segregation from the Perspective of Recovery…



18

Although there are also others suggested in the literature, the most widely used 
methods of nutrient recovery seem to be struvite precipitation, stripping followed 
by absorption, and ion exchange/adsorption followed by desorption. Mainly a P 
fertilizer is produced in struvite precipitation, struvite itself. N fertilizers are pro-
duced through stripping/absorption, ammonium sulfate or ammonium nitrate. 
Processing urine with the natural zeolite clinoptilolite, which is used as a soil con-
ditioner itself, produces both N and P containing fertilizers. The predominating pro-
cess in this case is ion exchange/adsorption, and the final product is nutrient-enriched 
clinoptilolite as illustrated in Fig. 2.

Of those three, struvite precipitation has received the greatest attention so far 
probably due to the hypothesis that P reserves in the globe are diminishing critically. 
Most of P recovery/struvite precipitation focused work is mainly concerned with P 
recovery that generally recommends nitrification/denitrification thereafter. This 
leads to vast amounts of N being released into the atmosphere without being recov-
ered through the ECOSAN shortcut. While P depletion is a crucial fact, it is to be 
acknowledged that the amount of nitrogen in urine is several times more than phos-
phorus and on a global scale the requirement for nitrogen for agricultural purposes 
exceeds P similarly. This is one of the other indications which make elimination of 
N in this way a serious loss together with the vast amount of energy demand which 
has to be incorporated in the production of synthetic N fertilizers. While there is a 
substantial amount of work in the literature reporting each one of those processes in 
the literature, researchers have demonstrated production of respective fertilizers 
through struvite precipitation, stripping/absorption, and ion exchange/adsorption 
using exactly the same aliquot of urine to recover nutrients as struvite, ammonium 
sulfate, and nutrient-enriched clinoptilolite in lab scale experiments to enable 

Fig. 2 Production and application of nutrient-enriched clinoptilolite as a urine-based fertilizer
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 comparisons of those three methods in single and multistage processing options 
[16]. The main conclusion drawn was that all processes were effective in the recov-
ery of plant nutrients to be recycled as fertilizer, with the advantage of the first two 
as producing lower masses of the final product however with the disadvantage of 
recovering only one of the nutrients while “wasting” the other, especially when used 
in single stages. Upon processing with clinoptilolite, a commonly used soil condi-
tioner, an NP fertilizer is produced, with the advantage of recovering both nutrients 
in a single stage simultaneously, however, with a considerably larger final product 
mass to be handled. Nevertheless, nutrients in yellow water may be recovered using 
the best option to be recycled back into the food cycle with high efficiencies based 
on the specific conditions of the cases to be handled.

 Concluding Remarks

When recycling and reuse are considered as the focal point, stream segregation 
provides a more effective route as compared to conventional domestic wastewater. 
Gray water may be used as an alternative source of water to save pristine water for 
more worthwhile purposes in an effort to support water resources and aid with the 
problem of water stress/scarcity. Nutrient-rich yellow water is an effective source of 
fertilizers and may help in maintaining food security. Brown/black water are poten-
tial sources of energy and raw material for compost production.

Previous investigations have shown that stream segregation is technically doable, 
economically compatible, and socially acceptable to a reasonable extent and may be 
promoted by awareness raising and supplying pertinent information to all sectors of 
stakeholders including final consumers and decision-makers. An increase in the 
number of success stories will definitely help in the willingness to adopt this new 
domestic wastewater management approach. Stream segregation is an open field 
both in terms of academic research and practical applications which will benefit 
both mankind and environmental sustainability for a more prosperous future.
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Beneficial Use of Dredged Materials 
in Geotechnical Engineering

Müge Balkaya

Abstract Beneficial use of sediments is known as a sustainable and environmen-
tally friendly alternative to confined disposal facilities and open water disposal. 
Since most of the geotechnical engineering applications such as roads, backfills, 
berms, and in situ capping require a large amount of material in their construction, 
the beneficial use of dredged materials in geotechnical engineering applications is a 
promising implementation. In this study, sediment dredging and management are 
introduced. The beneficial use of dredged materials in geotechnical engineering 
applications is reviewed, and the necessary requirements for their beneficial use in 
these applications are addressed.

Keywords Dredged material · Sediment · Beneficial use · Geotechnical applica-
tions · Waste utilization

 Introduction

Sediments are transported into oceans, lakes, streams, and rivers by the effect of 
various natural occurrences such as gravity, wind, water, and glaciers [1, 2]. They 
are the mixtures of miscellaneous materials including transported soil particles from 
surface erosion, shells and coverings of mollusks and other animals, organic matter 
from dead and rotting vegetation and animals, industrial wastes, sewage, other 
organic and inorganic materials, and chemicals that suspend in or accumulate on the 
bottom of the water body [3]. Due to the diversity in their occurrences, their origins, 
engineering properties, and geometries may significantly differ from one another. 
They can be found in various grain shapes and sizes that can range from coarse 
gravel to fine silt and clay [4].

Various construction activities such as dams, dikes, levees, man-made navigation 
channels, and land uses such as agriculture and mining may disrupt the balance 
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between the amount of sediment entering and exiting the system. The disruption of 
natural sediment cycle may cause acceleration of sedimentation which may conse-
quently lead to decreased water depths, interruption of navigation, and flooding 
around waterways [5, 6].

Every year millions of cubic meters of materials are dredged from harbors and 
waterways to ensure the continuity of navigation and prevent flooding around rivers. 
A large amount of dredged material is either dumped into confined disposal facili-
ties or disposed into the open water. However, with the rapid increase in the urban-
ization, the space required for confined disposal facilities becomes limited, and 
therefore the cost of dumping into confined disposal facilities increases. Besides, 
contaminated sediments dumped into the open water may lead to physical, chemi-
cal, and biological threat to the water quality and the ecosystem. On the other hand, 
dredged material can be a valuable resource [5–15].

The possibility that the dredged materials may be an environmental threat, along 
with the increasing environmental consciousness, leads to the application of more 
restrictive legislations. Consequently, sediment management techniques such as 
open water disposal and confined disposal became scarce. On the other hand, the 
beneficial use of dredged sediments in various fields such as civil engineering, man-
ufacture, and agriculture has become increasingly encouraged. It is obvious that the 
proposed beneficial use application of dredged materials should be economical, 
environmentally safe, and technically sound. However, all types of sediments may 
not be applicable for beneficial use, and some beneficial use applications may not 
fulfil the economical criteria [16].

In the scope of this study, sediment dredging and management are overviewed. 
The beneficial use applications of dredged sediments and the necessary require-
ments for their use in geotechnical engineering applications are summarized.

 Dredging of Sediments

As stated by Novak et al. [17], every year deposition of sediments leads to a loss of 
approximately 1% in the storage volume of worldwide reservoirs, which leads to a 
number of serious problems in and around the waterways [18]. In order to prevent 
the unwanted consequences of sedimentation and increase water depths, maintain 
navigation channels, construct and maintain port and harbor facilities, and develop 
reservoirs for drinking water or energy production, sediments are excavated or 
removed from the bottom of the water bodies such as rivers, lakes, estuaries, and 
marine locations. This procedure is termed as dredging [7, 9, 15, 19, 20].

Dredging is essential for the safe and efficient operation of navigable waterways 
and harbors. Therefore, every year millions of cubic meters of materials are dredged 
from harbors and waterways worldwide [5, 15].

The properties of dredged sediments are diverse, complex, and strongly depen-
dent on their mineral constituents and the microstructural system of the constituent 
particles. Dredged sediments are generally fine materials containing between 5 and 
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10% organic matter [8, 21, 22]. As a result of their extremely high water content, 
dredged sediments are highly compressible and soft materials with low shear 
strength [14, 23]. Besides, these materials can also contain different types and levels 
of contaminants [24]. According to the Waste Framework Directive (2008/98/EC), 
the dredged materials are classified as waste with the waste codes of 17 05 05/ (pol-
luted sediments) and 17 05 06 (other sediments) [7, 24, 25].

The dredging process consists of three phases including excavation, transporta-
tion, and utilization or disposal of the dredged sediments. In the excavation phase, 
the sediments are loosened or dislodged from the bottom of the water body by a 
dredger. In the transportation phase, the dredged sediments are transported from the 
dredging area to the placement area. In the utilization or disposal phase, the dredged 
sediments are either beneficially used in various applications or disposed in an 
approved location [26, 27].

There are three types of dredging known as capital, maintenance, and remedia-
tion dredging. Capital dredging is used for purposes such as land reclamation and 
deepening waterways. In capital dredging, generally old and uncontaminated sedi-
ments are dredged. Maintenance dredging is applied for keeping waterways at a 
defined depth to ensure safe navigation. Contamination especially leads to problems 
in maintenance dredging because the free disposal of sediments in the aquatic sys-
tem is not allowed by the given standards or regulations. Remediation dredging is 
used for solving environmental problems related to contaminated sediments [20].

Dredge ability of sediments is affected by various geotechnical properties such 
as the in situ shear strength (relative consistency, compactness, or rock compressive 
strength), grain size distribution (coarse and fine fraction), angularity of coarse 
grains, plasticity of fine grains, organic matter content, and the presence of non-soil 
materials such as shells and debris [28].

Our environment is affected by dredging operations and the disposal of dredged 
materials. In a sustainable dredging application, the dredged sediments should be 
managed successfully, be beneficially used for various purposes, and support the 
conservation of natural resources [20, 29].

 Dredged Sediment Management

In order to provide navigable access to many ports and harbors around the world, 
sediment dredging is a process that should be performed continuously. Therefore, 
sediment management is an important issue for the safe and sustainable running of 
dredging operations and waterways. However, as stated by Harrington et al. [29], 
the management of dredged sediments, especially for small ports, may be an expen-
sive process. Dredging operations produce huge amounts of sediments which can be 
used as a new source of materials that is suitable for various applications [24]. 
Consequently, in a sustainable sediment management operation, the dredged sedi-
ments should be regarded as a valuable resource instead of waste that needs to be 
disposed of [20].
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The suitable management option for the dredged sediments should be decided 
after determining the physical, chemical, and biological characteristics of the 
dredged material [30]. The management options generally involve disposal (unre-
stricted, open water deposit, confined aquatic deposit, or confined deposit facilities) 
or beneficial use (with or without treatment) [30, 31].

 Disposal of Dredged Sediments

After the dredging operation is performed, the collected sediments need to be taken 
care of [32]. If the transport costs for relocation of the dredged material at sea are 
unreasonable, the material has the potential to be beneficially used in various appli-
cations, it is inert, or its contamination level is beyond the permitted limits for sea 
disposal but acceptable for controlled land disposal, then the dredged sediment is 
placed on land [33]. However, the majority of the dredged material is either dumped 
into confined disposal facilities or disposed into the open water [5, 6, 8, 11, 15, 30].

In confined disposal, the dredged material is placed into upland or near shore 
diked containment facilities and isolated from the environment. Issues such as the 
physical impacts (e.g., volatilization to air, surface runoff, leaching, uptake by 
plants and animals) and site requirements (e.g., soil characteristics, value of land, 
and accessibility to the confined disposal facilities) should be carefully evaluated 
before deciding for disposal in confined facilities [34].

In open water disposal, on the other hand, the dredged material is placed into 
water bodies such as oceans, rivers, and lakes [35, 36]. However, when the dredged 
material is considered for open water disposal, it should be kept in mind that the 
sediments may be contaminated due to various reasons. Therefore, in order to avoid 
its detrimental impacts on the environment, the quality of the sediments must be 
evaluated before disposing into the open water [16]. In order to decide whether the 
dredged material is suitable for open water disposal, its physical/chemical/biologi-
cal properties should be determined beforehand. On the other hand, even though the 
material is considered acceptable for open water disposal, it should also be evalu-
ated in terms of potential beneficial uses [37].

 Beneficial Use of Dredged Sediments

With the rapid increase in urbanization, the space required for new or expanded 
confined disposal facilities becomes limited, and therefore the cost of dumping into 
confined disposal facilities increases. However, due to the ongoing dredging opera-
tions worldwide, the quantities of the dredged sediments increase steadily over the 
years [38]. Besides, contaminated sediments dumped into the open water may lead 
to physical, chemical, and biological threat to the water quality and the ecosystem 
[25, 38]. Therefore, dumping of dredged sediments into the open water should be 
considered as the last alternative in dredged sediment management [38–40].
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On the other hand, since the dredged sediments are available in huge quantities 
and easily transportable through waterways, they can be used as a renewable and 
valuable resource [41]. As stated by Mir et al. [42], the beneficial use of dredged 
sediments has social, environmental, and economic benefits which play an impor-
tant role in the global sustainability. Various studies have shown that their beneficial 
use is a sustainable and environmentally friendly alternative to the confined disposal 
facilities and open water disposal [5, 13, 19, 36, 43–50].

The term “beneficial uses of dredged materials” is known to be used in the USA 
before the mid-1980s. However, the first documented use of this term in Europe 
appeared in dredging conference proceedings in about mid-1980s [51]. Beneficial 
use involves the placement or use of dredged materials for some productive pur-
poses where they can provide the most benefit environmentally, economically, and 
socially [36, 43, 49, 52–55].

The beneficial use of dredged sediments is a significant component of the sedi-
ment management. Depending on the physical and chemical properties of the dredged 
sediments, a wide variety of beneficial use options are available [37]. In beneficial 
use applications, the dredged sediment is either substituted for traditional land-based 
sources or used for the production of a new material [29, 37, 56, 57]. Nevertheless, 
before considering these materials for possible beneficial use, an appropriate engi-
neering design along with regulatory acceptance and protection of the human health 
and the environment should be in the first place. Under some circumstances, the 
dredged sediments should be treated before beneficial use. For this purpose, there is 
a wide range of treatment techniques available that can be applied depending on the 
characteristics of the sediment and the proposed reuse objective [31].

In a dredging project, a large number of stakeholders with numerous interests are 
involved who try to reach an agreement regarding the costs and timing of the proj-
ect. Since some problems may arise due to conflicts between the stakeholders, long- 
term planning of a dredging project is of utmost importance for providing a 
successful application of the beneficial use of the dredged sediments. In order to 
maintain a successful beneficial use project, issues such as economic requirements, 
social benefits, environmental considerations, and regulations should be identified 
in the first place. Besides, ecology, geology, and hydrogeology of the dredging site 
should also be considered for the appropriate beneficial use options [51].

Evaluation of the Suitability of Dredged Sediments for Beneficial Use

The type of dredged material, the dredging site, the applied dredging technique, and 
the suitability to the particular beneficial use are the major issues regarding the 
potential uses of dredged materials [42]. Examination of the physical, chemical, and 
biological characteristics of the dredged material and determination of the potential 
future behavior of the material after reuse are important aspects of a successful 
beneficial use application. By means of a careful preliminary study, the suitability 
of the dredged material for numerous beneficial use applications can easily be 
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determined, the undesirable environmental impacts can be minimized, and the ben-
eficial use opportunity can be maximized [51].

Some of the useful tools which can expedite the decision-making process of 
dredged sediments for beneficial use can be stated as sediment transport modeling, 
environmental impact assessment, and ecological models. According to the envi-
ronmental legislations, the use of these tools is necessary for dredging and disposal 
projects especially when they are located in or in the vicinity of sensitive natural 
resources. Besides, timing of such studies in a dredging project is also an important 
issue for a successful beneficial use application by avoiding and/or minimizing the 
adverse environmental effects and maximizing the potential for mitigation mea-
sures [51].

The composition of the dredged sediment; its physical, chemical, and mechani-
cal properties; grain size distribution; characteristics of the site for application; the 
potential bioaccumulation of contaminants; and the existence of invasive species in 
the sediment are the main factors affecting the projected beneficial use of the sedi-
ment. Before deciding whether the dredged sediment is acceptable for beneficial 
use, it is necessary to evaluate the contamination levels of the material by chemical 
analysis [10, 57–60]. Besides, the salinity of the sediment, acidity, and nutrient 
levels are also important issues [60]. A number of geotechnical tests are available 
for the characterization of the mechanical properties of dredged sediments for ben-
eficial use applications. The necessary parameters for use in geotechnical engineer-
ing applications include the grain size distribution, water content, permeability, 
consistency limits, organic matter content, shear strength, and compressibility [61].

Possible Beneficial Use Options for Dredged Sediments According 
to Contamination Levels

The contamination level of dredged sediment is the primary limitation of its benefi-
cial use [51]. Therefore, the determination of contamination level of dredged sedi-
ment is a critical issue for considering its suitability for various potential beneficial 
uses [60]. Dredged sediment can be beneficially used when concentration of con-
taminants are below the legislation limits. However, if the contamination level of the 
sediment is above the threshold levels, then it is considered as waste. Then treat-
ment or landfilling will be the only option for this type of sediment [59].

There are various remediation technologies available for the treatment of con-
taminated sediments such as the electrokinetic remediation, bioremediation, solidi-
fication, and immobilization [62, 63]. Besides, soft remediation technologies such 
as phytoremediation, land farming, and co-composting, based on the use of plants 
and/or microorganisms, can also be used as sustainable and effective technologies 
for the remediation of contaminated sediments [64, 65].

Clean, uncontaminated sediments have a wide range of beneficial uses including 
agriculture, forestry, horticulture, aquaculture, beach nourishment, habitat restora-
tion and development, parks and recreation, strip-mine reclamation, solid waste 
management, and construction and industrial development [60].
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When working with slightly to moderately contaminated sediments, pre- 
treatment and/or covering with clean material may be required before beneficial 
use. This type of dredged sediments can be used for the creation of a soil berm 
around a dredge material dewatering facility, upland fill beneath a parking lot, or as 
daily cover material at a landfill [66].

Highly contaminated sediments are not suitable for beneficial use without treat-
ment especially if its potential risk for biomagnification is high and wildlife habitat 
development projects are proposed. As expected, the more contaminated the dredged 
sediment, the greater the constraints on beneficial use are applied. The important 
issue when dealing with highly contaminated sediments is to determine whether the 
type and level of contamination are in accordance with the proposed beneficial use 
application [60].

Possible Beneficial Use Options for Coarse and Fine–Grained Materials

Dredged sediments can be found in various grain shapes and sizes that can range 
from rock and coarse gravel to fine silt and clay [4, 42, 67]. Silt and clay are the 
most common materials obtained from maintenance dredging in ports, canals, and 
rivers [51, 57]. The beneficial use of coarse and fine-grained materials is different 
from each other as a result of their diverse engineering properties and the required 
preparation work prior to their use.

Coarse-grained materials have higher mechanical resistance compared to the 
fine-grained soils. Therefore, the beneficial use of coarse-grained materials such as 
sand is suitable for a wide range of applications [60, 68]. Rock, which may range 
from soft marl like sandstone and coral to hard rock like granite and basalt, can be 
a valuable construction material [42, 57]. It can be beneficially used in strip mine 
reclamation, solid waste management, offshore berms, habitat restoration parks 
and recreation, agriculture, forestry, horticulture, and aquaculture [57, 60]. Gravel 
and sand are used for beach nourishment, habitat restoration and development of 
strip mine reclamation/solid waste management, agriculture, forestry, horticulture, 
and aquaculture, parks and recreation, and construction/industrial development 
[42, 57, 60].

As stated by Zentar et al. [16], fine sediments are difficult to reuse in comparison 
with sands because of their mechanical behavior, high water and organic matter 
content, and the potential presence of pollutants contained. For instance, due to their 
high water content, it is necessary to dewater the fine-grained silt and clay prior to 
beneficial use [51, 57]. Besides, fine-grained sediments containing contaminants 
require treatment before beneficially used [51, 57]. However, consolidated clay can 
find more engineering purposes than soft clay with a high water content [42, 57]. A 
beneficial use option for fine-grained dredged material is to use it in solid waste 
management as landfill daily cover material. However, in order to be used for land-
fill daily cover, the dredged sediment should be dewatered and dried prior to benefi-
cial use. Moreover, it should also satisfy landfill cover regulations and fulfill the 
physical and chemical criteria required for this purpose [60]. Other beneficial uses 
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of fine-grained silt and clay are parks and recreation, construction/industrial devel-
opment, habitat restoration and development, agriculture, forestry, horticulture, and 
aquaculture [57, 60].

Beneficial Use of Sediments in Geotechnical Engineering Applications

Since most of the geotechnical engineering applications require a large amount of 
material in their construction, the beneficial use of dredged materials in geotechni-
cal engineering applications is a promising implementation. Dredged sediments can 
be used in various geotechnical engineering applications including erosion control, 
shore protection, construction of levees and berms, road construction and pavement 
systems (as base, subbase, and subgrade material), land improvement/reclamation 
applications (such as brownfields redevelopment and strip mine reclamation), solid 
waste management as landfill daily covers and capping material, earthwork con-
structions (such as structural fills, backfills behind retaining walls, highway embank-
ments, backlands fill for port expansion projects), and environmental enhancement 
applications (such as beach nourishment, wetland creation/enhancement, habitat 
restoration/creation/development). Dredged sediments can also be used for some 
other purposes including the production of various construction materials such as 
concrete, lightweight aggregates, asphalt, bricks, cement, blocks, tiles, and ceram-
ics and in various other disciplines as agriculture, forestry, horticulture, and aqua-
culture [3, 10, 24, 44, 45, 49, 55, 56, 59, 69–93].

Road and Rail Embankments and Beds

With the increase in urbanization, the demand for natural aggregates increased. 
However, the increased demand is accompanied by the possible shortage of natural 
resources. Large quantities of natural aggregates are used for road construction, and 
this application may eventually lead to the depletion problem of natural resources 
[94]. Therefore, the reuse of waste materials in civil engineering as an alternative 
raw material and consequently the conservation of natural resources is highly 
encouraged. Dredged sediments are available in huge quantities and easily trans-
portable through waterways [41]. Therefore, the consumption of dredged materials 
in road construction is one of the main opportunities for their beneficial use.

However, roads are subjected to high loads. Therefore, the materials used in road 
construction require a high level of stability. Dredged sediments generally do not 
have the required mechanical characteristics in their raw form. Due to high water 
content, presence of organic matter and salt, and the low strength of the dredged 
sediments, these materials usually cannot be directly used in road construction and 
may require treatment before use. In this case, mixing with appropriate stabilizing 
agents such as lime, cement, or hydraulic binders is the widely used application for 
providing the required mechanical stability of the dredged sediments [14, 24, 67, 
95, 96].

Various researchers have investigated the use of dredged sediments in road con-
struction [10, 16, 21, 24, 38, 58, 97–103]. However, before using in road 
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 construction, the specific geotechnical properties such as the water content, organic 
matter content, specific gravity, particle size distribution, plasticity index, compac-
tion properties, permeability, capillarity, California bearing ratio (CBR), shear 
strength, resilient modulus, and freeze-thaw durability of the dredged material 
should be determined [58, 94, 104–108]. The salinity of the water included in the 
sediment should also be determined because the high salinity of marine water has a 
negative effect on the mechanical strength development of cement-based materials 
[109]. Besides, the water contents of the materials usually used in road construction 
should be less than 20%. The high water content of sediment prevents its use in 
road construction without dewatering. Therefore, the sediment to be used for road 
construction should dry naturally in a storage area until the water content is <20% 
before use [14].

Beach Nourishment

Beach nourishment is used for creating a new beach or widening an existing one, 
preventing erosion, stabilizing the shoreline, feeding the littoral zone, and moderat-
ing the wave action. In order to perform beach nourishment operation, material 
from another site is added to an eroding shoreline. If natural replacement of material 
moved along the shoreline by various reasons such as wave movement and tidal 
currents is not available, then this operation might be necessary. Since a large num-
ber of beaches need continued maintenance, beach nourishment is an important 
beneficial use option for dredged sediments [36, 43, 110].

Material used for beach nourishment must be clean and have comparable grain 
size and aesthetic characteristics to that of the beach under consideration. Usually 
only the coarse-grained part of the dredged material (gravel and sand) is suitable for 
beach nourishment. Therefore, separation and decontamination of the dredged 
material are required for beach nourishment purposes [36, 43, 110].

Construction and Raising of Coastal Lands

Considering the nature of the dredged sediments, their beneficial use appears to be 
a suitable option in places where restoration of salty areas for introducing plant and 
animal species typical of marshy habitats is needed. When the dredged sediment is 
chemically, microbiologically, and ecotoxicologically of good quality, treatment 
will not be necessary, and the sediments can be directly used for the reconstruction 
and rising of coastal lands. The use of desalinated sandy fraction of the dredged 
sediments for the restoration of a coastal land can increase permeability which helps 
in the cultivation of various crops [96].

Habitat Creation or Restoration

Habitat creation or restoration using dredged sediments can occur in aquatic, wet-
land and upland environments, and for the restoration of an existing island or the 
creation of a new one. By this means, the dredged sediments can be beneficially 
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used, coastal defenses can be supported in a more sustainable way, and biodiversity 
can be maintained or increased [111]. Upland wildlife habitats can be created in 
pre-existing dredged material containment areas that are no longer used, as well as 
by placement of dredged material on degraded lands or habitats. Native vegetation 
is then re-established to provide food and cover for wildlife. In aquatic or wetland 
environments, dredged material can be used to nourish, restore, or improve habitats 
[36, 49, 53, 112].

The use of dredged materials as fill is another suitable beneficial use option for 
dredged sediments. For this purpose, huge amounts of dredged material can be 
dewatered in holding areas and sold or given to public or private interests to be used 
as fill material [112]. The dredged sediment to be used as fill material can be either 
pumped or transported overland directly to the fill site. Depending on the type and 
amount of loads to which it will be subjected, and the purpose of the fill, the geo-
technical requirements and mechanical properties of the fill material vary [113].

Execution of Dams and Embankments

Dredged sediments can be used for the construction of dams and embankments near 
the coastlines. However, in order to provide structural and environmental safety, the 
suitability of the dredged sediment should be evaluated before the construction 
activity [96].

Strip Mine Reclamation

Dredged sediments can be used in mine tailings as tosoil substitute in order to pro-
vide a suitable growing medium for vegetation and a cover that reduces the infiltra-
tion of water. For best vegetation growth, dewatered dredged sediment having a 
loamy texture is the most suitable material. Fine-grained or sandy silt can also be 
used for the establishment of vegetation. However, in order to provide optimum 
plant growth, the dredged material should be tested for pH, organic content, and 
soluble salts [112].

Landfill Daily Covers and Capping Material

Dredged sediments can be used as daily cover, liner, gas vent, leachate drain, and 
gas barrier material in sanitary landfills [112]. Since handling of dredged sediments 
in the slurry state is difficult, dewatering is necessary before beneficial use. 
Dewatered sediment can be easily hauled, spread, and compacted. In order to be 
accepted as a suitable cover material, the dredged sediments should be easily work-
able, have high strength, and moderate cohesion. Therefore, highly organic materi-
als and peat cannot be used as landfill daily cover material. As reported by USACE 
[112], well-graded gravel with 10–15% sand and 5% or more fines serves as an 
excellent landfill cover material.

Dredged sediments can also be used in confined aquatic disposal or capping 
projects. Capping is the placement of clean dredged sediment over contaminated 
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sediment to isolate contaminants. Contaminated sediment can be either capped in- 
place or placed inside a submerged depression and then capped with clean sediment 
free of contaminants, which is generally comprised of sand [110]. This application 
prevents the harmful effects of the contaminated material to the human health and 
the environment [49].

Parks and Recreation

The recreational land use of dredged material containment sites is one of the most 
favorable and applicable beneficial uses of dredged sediments. Recreation sites 
require lightweight structures and lots of open space. This is particularly suitable for 
the weaker foundation conditions of fine-grained dredged sediments [53, 112].

Geotechnical Properties and Beneficial Use of Dredged Sediments

Geotechnical tests allow us to know how the sediments would behave when benefi-
cially used in geotechnical engineering applications. For example, in order to be used 
as subgrade layer or construction fill, the engineering properties of dredged sediment 
such as the shear strength, compressibility, permeability, plasticity, water content, 
and organic matter content need to be determined [8]. The high water content, the 
soft fine-grained nature, and the organic matter levels of the dredged sediments gen-
erally make it unattractive for earthwork construction and represent undesirable 
mechanical properties in many geotechnical engineering applications [114].

In many cases, the majority of dredged sediments is classified as low-plasticity 
silt (ML), high-plasticity silt (MH), high-plasticity organic (OH), or high-plasticity 
clay (CH) by the Unified Soil Classification System [115], which are among the 
poorest earthwork materials [69, 70]. As stated by Chiu et al. [116], the fine dredged 
sediments are very soft soils which have natural water content higher than the liquid 
limit and very low shear strength (Cu < 50 kPa). Therefore, this type of raw sedi-
ments should be treated before beneficial use. In order to enhance its strength, mod-
ify drainage characteristics, reduce settlement, reduce free liquids, and immobilize 
possible contaminants, the sediment can be blended with other soils or materials 
such as cement, lime, fly ash, and slag [5, 7, 71, 117–121].

 Conclusions

Within the scope of sustainable sediment management, it can be said that dredged 
sediment should be regarded as a natural resource rather than a waste. Evaluating 
the required physical, chemical, and biological properties of the sediment would 
lead to the selection of the most appropriate beneficial use option for the dredged 
material under consideration. If necessary, the appropriate treatment or stabilization 
techniques should be applied to ensure environmental safety and adequate mechani-
cal properties required for the projected beneficial use application.
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Considering every year millions of cubic meter sediments are dredged from the 
harbors and waterways around the world, it can be stated that instead of dumping 
into the open water or disposing into landfills without taking the advantage of this 
valuable resource, finding beneficial use applications provides an essential step 
toward the sustainable management of ports, harbors, and aquatic resources. 
Besides, the use of sediments in various beneficial uses would prevent the risk of 
shortage of some other natural resources as well. Therefore, after determining 
whether the properties (chemical, geotechnical, etc.) and contamination levels are 
within acceptable limits, the beneficial use of sediments in various beneficial use 
applications should be encouraged.
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Abstract This study aims to determine the methods used by the university students 
for the disposal of potentially recyclable wastes (paper and cardboard, glass, metal 
cans, etc.) and assess university students’ recycling behavior. For this purpose, a 
survey was conducted on students at Istanbul University, Turkey. Depending on the 
survey results, suggestions on how to improve recycling of package wastes, spent 
batteries, and waste electrical and electronic equipments in the university campus 
are presented. The effect of gender on recycling behavior of university students and 
attitudes toward the disposal of potentially recyclable wastes were also discussed.

Keywords Recycling activities · University students · Solid waste · Survey

 Introduction

Universities are like small cities which have large size and crowded population, and 
the campuses host various activities. They have serious effects on the environment 
both directly and indirectly [1]. Universities also play important roles in the devel-
opment of our society. Therefore, they have a particular societal responsibility, 
especially, relating to the sustainable protection of the environment and the use of 
resources [2]. As stated by Gallardo et al. [3], universities are kind of institutions 
where a large number of people go to work or to study every day. Besides, university 
communities use different services such as cafeterias, canteens, and photocopies 
which have environmental impacts and need a cleaning service as well. It is known 
that an effective way of reducing environmental damage is to reduce the waste gen-
eration. Therefore, many universities have taken considerable steps toward reducing 
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waste generation in order to reduce the environmental impacts caused by their 
activities.

In order to make provisions for waste management activities at a university, in 
the first place, it is necessary to know the composition, amount, and distribution of 
the waste generated in its facilities. The obtained information regarding the gener-
ated waste will help to organize and ensure an efficient recycling and reuse of the 
wastes [3]. However, the success of recycling programs does not solely depend on 
technology. It must be remembered that it also depends on the involvement of peo-
ple. Therefore, the improvement and maintenance of environmentally responsible 
behavior have major impacts on the success of recycling programs [4]. As stated by 
Zhu [5], universities supply recycling infrastructures on campus for students. 
However, in order to increase the participation of students to recycling activities, 
their recycling behaviors should be understood beforehand.

There are numerous research studies on the environmental attitudes and recy-
cling. However, the environmental attitudes and recycling of university students 
have not been taken into account in most of these studies. On the other hand, the 
recycling behavior of this population is of utmost importance in terms of environ-
ment, since today’s university students will be the decision-makers of recycling 
programs in their communities in the future. If the attitudes and behaviors of univer-
sity students are understood, the authorities designing recycling programs can 
develop and modify programs to suit the students’ needs, and these individuals can 
be informed by the organized education programs [6]. Philippsen [7] stated that 
understanding the recycling behavior of students would be important for policy- 
makers or authorities responsible for the implementation of recycling programs on 
campus. The obtained information can be used to implement specific measures to 
encourage the participation of students in recycling programs.

In this study, the preliminary findings obtained during the first phase of a research 
project were presented. University students’ recycling behavior and attitudes toward 
the disposal of potentially recyclable wastes such as paper/cardboard, glass, and 
metal cans were assessed. In order to determine the effects of gender, it was also 
discussed whether there are significant differences between the behaviors of the 
female and male university students toward the disposal of potentially recyclable 
wastes. Besides, some suggestions were given for improving the campus recycling 
rates and increasing the participation for recycling activities.

 Material and Methods

This study was conducted over a 5-month period beginning in January 1, 2014, and 
running through May 31, 2014, in Avcilar Campus of Istanbul University, Istanbul, 
Turkey.

The survey was conducted on 446 respondents (n = 446) from faculties of engi-
neering, management, veterinary, school of physical education and sports, and 
vocational school of technical sciences in the campus. The data were collected using 
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a face-to-face survey (on-site method), which has strong randomness and high rep-
resentativeness [8]. The respondents were read questions and asked to mark their 
responses on the survey. Most of the respondents (94.8%) were between the ages of 
18 and 25. 57.4% of the respondents who completed the questionnaire were females, 
and 42.6% were males. The general information such as the gender and age of the 
respondents are given in Table 1.

The survey contained questions on the respondents’ general information and 
their attitudes toward the disposal of potentially recyclable wastes. The general 
information included questions regarding the gender, age, and the faculty or school 
of the respondents. In the other part, the respondents were asked how they disposed 
of their waste papers and cardboards, waste glasses, waste metal cans, plastic bags, 
spent batteries, and waste electrical and electronic equipments. It was also asked if 
they knew where the nearest authorized collection point (e.g., community bring 
center belonging to the municipalities) for the waste electrical and electronic equip-
ments is. The respondents were also asked whether they preferred rechargeable bat-
tery when purchasing battery. The recycling of plastic bottles was not in the scope 
of this survey.

The analyses were performed using SPSS-19 program, and the relationships 
between the answers were determined using the frequency and Crosstab methods 
and ANOVA analysis. All data were presented at a significance level of 0.05 with a 
confidence level of 95%.

Table 1 Gender, age range, 
and faculty/college of the 
students surveyed

Frequency
Percent 
(%)

Gender

Female 256 57.4
Male 190 42.6
Age

18–25 423 94.8
26–35 21 4.7
36–45 1 0.2
46> 1 0.2
Faculty/college

Engineering 140 31.4
Management 66 14.8
Veterinary 59 13.2
School of physical education and sports 61 13.7
Vocational school of technical sciences 60 13.5
Total 446 100
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 Results

 Recycling and University Students: How Do University Students 
Dispose of Potentially Recyclable Wastes (Paper and Cardboard, 
Glass, Metal Can, Etc.)?

The responses provided by the respondents from various faculties and colleges to 
the question “How do you dispose of your waste papers and cardboards?” are 
shown in Fig. 1. As can be seen from Fig. 1, 43% of the respondents stated that 
they put them in paper and cardboard recycling bin. According to the survey 
results, this response was followed by the response “I reuse them at home” 
(31.3%). The survey results indicated that, although the rate (43%) of the response 
“I put them in a paper and cardboard recycling bin” was not very high, the respon-
dents seemed to have environmental awareness about waste paper and cardboard 
recycle.

The respondents were asked how they disposed of their plastic bags. The distri-
bution of responses of the respondents from various faculties and colleges to the 
question “How do you dispose of your plastic bags?” is shown in Fig. 2. Majority 
(69.4%) of the respondents stated that they reused them. Sixteen percent of the 
respondents stated that they put them in trash. The survey results indicated that the 
most common behavior was the reuse of plastic bags (Fig. 2). The reuse activities 
seemed to be more common than recycling.

The responses of the students participating in the survey to the question “How do 
you dispose of your waste glasses?” are shown in Fig. 3. 40.8% of the respondents 
stated that they put their waste glasses in trash, and 32.1% of them stated that they 
put their waste glasses in glass recycling bin (Fig. 3). The survey results showed that 
most of the respondents put most of their waste glasses in trash.

More than half (52%) of the respondents answered the question “How do you 
dispose of your waste metal cans?” as “I put my waste metal cans in trash.” 
According to the questionnaire results, this response was followed by the response 
“I put my waste metal cans in metal recycling bin” (32%) (Fig.  4). The survey 
results showed that most of the respondents put their waste metal cans in trash 
instead of putting them in metal recycling bin.
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Fig. 1 Responses of the respondents from various faculties and colleges to the question “How do 
you dispose of your waste papers and cardboards?”
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The respondents were asked “How do you dispose of your spent batteries” and 
“Do you prefer rechargeable battery when purchasing battery?” The responses 
were “I put my spent batteries in battery recycling bin” (66%) and “I put my 
spent  batteries in trash” (31%). The majority (63%) of the respondents replied 
the question “Do you prefer rechargeable battery when purchasing battery?” as 
“Yes” (Fig.  5). The survey results indicated that most of the respondents had 
environmental awareness about spent batteries. The rates of preference for pur-
chasing rechargeable battery and recycling of waste batteries were high among 
the respondents.

In the survey study, the following questions were asked to the respondents from 
various faculties and colleges: “Do you have any information about the concept of 
waste electrical and electronic equipment?” “Is there any authorised collection 
point for waste electrical and electronic equipments that you know?” “How do you 
dispose of your waste electrical and electronic equipment?” The responses pro-
vided by the students to these questions are presented in Figs. 6 and 7. It can be 
seen from Fig. 6 that more than half (56%) of the respondents had information 
about the concept of waste electrical and electronic equipment (WEEE). However, 
68% of them had no information about the existence of authorized collection points 
(e.g., community bring centers belonging to the municipalities) for WEEE. As can 
be seen from Fig. 7, 50% of the respondents sell their WEEE to get economic ben-
efits. Nineteen percent of the respondents throw their WEEE with household’s 
solid waste. Only 18% of the respondents give their WEEE to the authorized col-
lection points.
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Fig. 2 Responses of the respondents from various faculties and colleges to the question “How do 
you dispose of your plastic bags?”
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Fig. 3 Responses of the respondents from various faculties and colleges to the question “How do 
you dispose of your waste glasses?”
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Fig. 4 Responses of the respondents from various faculties and colleges to the question “How do 
you dispose of your waste metal cans?”
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Fig. 5 Responses of the respondents from various faculties and colleges to the question “How do 
you dispose of your spent batteries?” and “Do you prefer rechargeable battery when purchasing 
battery?”
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Fig. 6 Responses of the respondents from various faculties and colleges to the questions regarding 
“Do you have any information about the concept of waste electrical and electronic equipment?” 
and “Is there any authorised collection point for waste electrical and electronic equipments that 
you know?”
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Fig. 7 Responses of the respondents from various faculties and colleges to the question “How do 
you dispose of your waste electrical and electronic equipments?”
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 Recycling and Gender: Is There a Difference 
Between the Behaviors of Male and Female University Students 
Regarding Their Recycling Activities?

The relationship between the genders, which is a demographic variable, and the 
university students’ recycling behavior were examined using the ANOVA analysis 
and discussed below. If the “P” value was <0.05 at a 95% confidence level, it was 
concluded that a statistically significant difference was observed among the answers.

In Fig. 8, the responses of the female and male respondents to the question “How 
do you dispose of your waste papers and cardboards?” are shown. According to 
Fig. 8, it can be said that 45% of the female students and 40% of the male students 
contributed to paper and cardboard recycling. When ANOVA analysis was per-
formed at 95% confidence level for determining whether there is a significant differ-
ence between the behaviors of the female and male university students regarding the 
disposal of waste papers and cardboards, no significant difference (P = 0.75 > 0.05) 
was observed.

The responses provided by the female and male respondents to the question 
“How do you dispose of your plastic bags?” are shown in Fig. 9. When the responses 
were assessed according to the gender, it was seen that the plastic bags were reused 
by 68.6% of the female students and 75% of the male students. Besides, it was seen 
that 16.5% of the female students and 15.3% of the male students put their plastic 
bags in trash (Fig. 9). When ANOVA analysis was performed at 95% confidence 
level for determining whether there is a significant difference between the behaviors 
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Fig. 8 Responses provided by the female and male respondents to the question “How do you 
dispose of your waste papers and cardboards?”
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Fig. 9 Responses provided by the female and male respondents to the question “How do you 
dispose of your plastic bags?”
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of the female and male students regarding the disposal of plastic bags, a significant 
difference was not observed (P = 0.35 > 0.05).

The responses of the female and male students participating in the survey to the 
question “How do you dispose of your waste glasses?” are shown in Fig. 10. The 
survey results showed that 34% of the female respondents and 30% of the male 
respondents put their waste glasses in glass recycling bin. Seventeen percent of the 
female respondents and 12% of the male respondents reused their waste glasses. 
Thirty-five percent of the female respondents and 48% of the male respondents put 
their waste glasses in trash (Fig. 10). These results showed that the response of the 
female respondents as “I put my waste glasses in trash” was lower than that of the 
male respondents. When ANOVA analysis was performed at 95% confidence level, 
no significant difference was found between the behaviors of the female and male 
respondents regarding the disposal of their waste glasses (P = 0.28 > 0.05).

Figure 11 shows the responses of the female and male respondents to the ques-
tion “How do you dispose of your waste metal cans?” When the survey results are 
evaluated according to the gender, it can be seen that 33% of the female respondents 
and 32% of the male respondents put their waste metal cans in metal recycling bin. 
Fifty-four percent of the female respondents and 50% of the male respondents put 
their waste metal cans in trash. According to these results, it can be said that the 
male and female respondents had similar behaviors in the disposal of waste metal 
cans (Fig. 11). The results of the ANOVA analysis (at 95% confidence level) showed 
that a significant difference was not observed (P  =  0.29  >  0.05) between the 
responses of the female and male respondents to the question: “How do you dispose 
of your waste metal cans?”
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Fig. 10 Responses provided by the female and male respondents to the question “How do you 
dispose of your waste glasses?”
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Fig. 11 Responses provided by the female and male respondents to the question “How do you 
dispose of your waste metal cans?”
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The responses of the female and male respondents to the questions “How do you 
dispose of your spent batteries?” and “Do you prefer rechargeable battery when 
purchasing battery?” are shown in Fig. 12. As can be seen from Fig. 12, 70% of the 
female respondents and 64% of the male respondents put their spent batteries in 
battery recycling bin. Thirty percent of the female respondents and 36% of the male 
respondents put their spent batteries in trash. The female (65%) and male (64%) 
students prefer buying rechargeable battery during battery selection. These results 
showed that the female and male respondents had similar behaviors in the disposal 
of their spent batteries and in purchasing rechargeable battery (Fig. 12). When the 
ANOVA analysis was performed at 95% confidence level in order to determine 
whether there was a significant difference between the female and male students’ 
behaviors in the disposal of spent battery, no significant difference was found 
(P = 0.848 > 0.05).

In Fig. 13, the responses of the female and male students to questions “Do you 
have any information about the concept of waste electrical and electronic equip-
ment?” and “Is there any authorised collection point for waste electrical and elec-
tronic equipments that you know?” are shown. Fifty-four percent of the female 
respondents and 58% of the male respondents stated that they had information about 
the concept of WEEE. Sixty-three percent of the female respondents and 76% of the 
male respondents said that they had no information about the existence of autho-
rized collection points for WEEE (Fig.  13). The results of the ANOVA analysis 
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indicated that a significant difference was not observed (P = 0.470 > 0.05) between 
the responses of the female and male students to the questions “Do you have any 
information about the concept of waste electrical and electronic equipment?” and 
“Is there any authorised collection point for waste electrical and electronic equip-
ments that you know?”

The answers given by the female and male students participating in the survey to 
the question “How do you dispose of your waste electrical and electronic equip-
ments?” are presented in Fig. 14. As can be seen from Fig. 14, 51% of the female 
respondents and 54% of the male respondents sell their WEEE, and 18% of the 
female respondents and 22% of the male respondents throw their WEEE with 
household’s solid waste. The results of the ANOVA analysis (at the 95% confidence 
level) indicated that a significant difference was not observed (P = 0.098 > 0.05) 
between the responses of the female and male students to the question “How do you 
dispose of your waste electrical and electronic equipments?”

 Discussion and Conclusion

The survey results showed that paper and cardboard (43%) were recycled more 
frequently than glass (32.1%) and metal (cans) (32%). The survey results also indi-
cated that many respondents (69.4%) kept their plastic bags at home and used them 
again. Thirty-two percent of the respondents stated that they recycled their waste 
metal cans, while 52% of them stated that they put their waste metal cans in trash. 
40.8% of the respondents implied that they put their waste glasses in trash, whereas 
about 32.1% recycled them. The most common behavior regarding the batteries was 
recycling. Sixty-six percent of the respondents stated that they put them in battery 
recycling bin.

It was seen that 50% of the respondents preferred to sell their WEEE to local 
small scrap dealers rather than recycling them. It was also seen that majority (68%) 
of the students were unaware of the authorized collection points for WEEE. This 
situation also indicated the absence/lack of collection/recycle systems for 
WEEE. The main reasons for the small amount (18%) of WEEE recycle may be due 
to the fact that most of the university students (68%) were either unaware of the 
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authorized collection points for WEEE or preferred selling their WEEE to a small 
fee for extra income (50%), rather than recycling it. According to the survey results, 
it can be estimated that approximately 19% of the WEEE ended up in landfills. 
Indeed, selling of WEEE by students’ means giving the item away for reuse. The 
obtained results are similar with the earlier studies carried out with households by 
Islam et al. [9] and Darby and Obara [10]. Islam et al. [9] revealed that 30% of the 
households were selling the WEEE to local small scrap dealers to get economic 
benefit. Around 20% of the households were throwing the WEEE with the house-
hold’s solid waste. In a study carried out in the UK, Darby and Obara [10] stated 
that 97% of the households were not recycling small WEEE and the majority of 
their disposal of small WEEE items were via civic amenity sites (33%) or in the 
household refuse (26%).

Our survey results also indicated that paper/cardboard (31.3%), plastic bags 
(69.4%), glass (14.8%), and metal (cans) (~1%) were reused. Besides, the reuse for 
plastic bags was more common than recycling.

In our study, the recycling rates of paper and cardboard (43%) were found to be 
lower than the ones at various universities and colleges around the world. For exam-
ple, recycling rates in Wartburg College, University of Northern Iowa, and Hawkeye 
Community College in the USA were reported as 100% for paper and 91% for card-
board, 76% for paper and 75% for cardboard, and 62% for paper and 68% for card-
board, respectively. However, the recycling rates of the students at Avcilar Campus 
for glass (32.1%) were higher than the ones of Wartburg College (15%), University 
of Northern Iowa (10%), and Hawkeye Community College (8%) [6]. The recycling 
rates for paper and glass in Rhodes University in South Africa were reported as 61% 
and 42%, respectively [11]. It can be stated that the recycling rates of the students at 
Rhodes University for paper and glass were higher than those of the students at 
Avcilar Campus, Istanbul University. It can be said that indeed, this was an expected 
result. For example, in a study by Izagirre-Olaizola et al. [12], it was stated that the 
recycling behaviors of university students from the USA and Spain were quite dif-
ferent. Seventy-five percent of the university students in Spain and 33.5% of the 
university students in the USA usually recycled. The difference between the univer-
sity students’ recycling behaviors in different countries was explained by these 
authors as the structural and cultural differences across countries.

According to our survey results, it can be said that some strategies are required 
to encourage the recycle of the solid wastes at Avcilar Campus. Since paper and 
cardboard were being recycled a little more frequently than glass, metal (cans), and 
WEEE, in particular, the strategies to improve the levels of participation toward the 
recycle of glass, metal (cans), and WEEE should be developed. Educational and 
promotional programs on the benefits and importance of recycling activities [13], 
and workshops and optional courses on solid waste management and recycling [14], 
should be organized for both the students and the academic staff. For example, for 
a more promoting recycling, the university can organize a seminar on the benefits 
and importance of recycling at the beginning of every semester [15]. Remarkable 
campaigns should also be organized on the campus. In a study by Tangwanichagapong 
et al. [16], it was stated that the recycling rate was increased from 1.8% to 12% by 
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the presence of recycling facilities and remarkable campaigns at the university. 
Besides, collaboration with student services could be helpful for encouraging recy-
cling activities [15].

To increase the awareness about recycling, information should be given to the 
campus population through brochures and posters [14, 15]. The usage of signs for 
recycling and instructions given on the university website can be efficient ways of 
increasing the awareness about recycling. Posters should be hanged on the notice 
boards in the most frequented places such as the cafeterias, library, and hallways of 
the campus buildings [15].

As pointed out by Bailey et al. [15], bin location also has an effect on the recy-
cling levels. Therefore, the recycle bin locations at the campus should be taken into 
account, and recycling bins should be placed in highly frequented places (cafeterias, 
library, recreational areas, departmental offices/faculties/schools, etc.) and closer to 
the point of resource consumption. More bins should be placed in the campus. In the 
study by Kelly et  al. [4], most respondents (83%) who were students in Massey 
University, New Zealand, stated that they would recycle more if there were more 
bins around the campus. Mtutu and Thondhlana [11] pointed out in their study that 
the provision of more recycling bins that are strategically located on campus could 
increase the tendency to recycle. The placement of metal can/bottle recycling bins 
next to trash can be useful in increasing the recycling level. The recycling bins 
should be easily accessed. As pointed out by Vicente-Molina [17], people’s partici-
pation in recycling activities might be prevented due to the lack of easy access to the 
recycling bins. Recycling signs should be posted near recycling bins. In a study 
carried out by Katzev and Mishima [18], it was reported that the paper recycling in 
a college mail room increased after recycling signs were posted near the waste bins.

According to the statistical analysis, it was seen that there was no significant dif-
ference between the female and male students regarding the awareness and levels of 
participation into recycling activities at Avcilar Campus. In a study by Clay [19], it 
was revealed that the males were more likely to recycle than the females both at 
home and in the university. Oztekin et al. [20] stated that the percent of variance in 
explaining the recycling behavior of the males from Turkish university community 
was higher than that of the females. On the other hand, in a case study conducted at 
a Chilean university for the environmental attitudes and the behaviors of college 
students, it was found that the females had more positive environmental attitudes 
than the males among the first year students [21]. Vicente-Molina et al. [17] revealed 
that the gender affected environmental behavior and the females were more likely to 
carry out environmentally friendly activities in both advanced and emerging coun-
tries. Zelezny et al. [22] and Hunter et al. [23] stated that the females performed 
more pro-environmental behavior than the males. Plavsic [24] also revealed that the 
gender influenced the recycling behavior and the females were more willing to 
recycle.

Kelly et  al. [4] stated that there was no significant relationship between on- 
campus recycling behavior and gender, which is consistent with our study. In a case 
study on white paper recycling at Oklahoma State University, it was found that no 
relationship was observed regarding gender on the recycling behavior and attitudes 
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of students [25]. Similar observations were also reported by Oskamp et al. [26], 
Schultz et al. [27], Vencatasawmy et al. [28], Lorgunpai and Lertchaiworakul [29], 
Ugurlu [30], and Bailey et al. [15]. A recent study conducted at Basque Country 
University by Vicente-Molina et al. [31] also revealed that there was no significant 
difference between the genders regarding recycling.

As stated before, in this study, the preliminary findings obtained from the first 
phase/stage of a research project were discussed. Although a further research is 
needed, it can be stated that these preliminary findings may provide insight for 
implementing recycling schemes on campus.
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Disposal Options

Merve Mermertaş and Fatos Germirli Babuna

Abstract The aim of this study is to evaluate the environmental impacts of high- 
density polyethylene (HDPE) packaging materials with the help of life cycle meth-
odology. The production of HDPE plastics has two consecutive steps of granulate 
production and blow molding. When production of HDPE and transportation stages 
are considered, highest shares in global warming potential (GWP), photochemical 
ozone creation potential (POCP), acidification potential (AP), and eutrophication 
potential (EP) are due to granulate production. On the other hand, blow molding is 
the main contributor to ozone depletion potential (ODP) with regard to production 
and transportation stages. Incineration is observed to exert positive impacts on 
POCP, AP, and EP. Recycling has positive effect on all impact categories except 
EP. Besides, as landfilling elevates environmental impacts, it is not recommended as 
an end-of-life fate for HDPE packaging wastes.

Keywords Life cycle assessment · Plastics · High-density polyethylene · 
Environmental impacts · Sustainability

 Introduction

Life cycle assessment (LCA) can be used as a thriving tool to envisage environmen-
tal burdens and gains for products and services. Environmental hot spots are put 
forth; various alternatives are evaluated and compared in a holistic perspective via 
LCA. The picture obtained in LCA aids decision-makers, producers, and even envi-
ronmentally aware consumers.

An annual growth by 5.5% is expected in Turkish plastic sector that has a capac-
ity usage of approximately 73% [1]. Plastic and rubber product industry is among 
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the booming sectors [2]. The highest share (by 41%) in total production of plastics 
in Turkey is allocated for production of plastic packaging [1].

Packaging materials made up of plastics have widespread usage ranging from 
food and cleaning agents to beverages. Ever-increasing amount of waste plastics is 
the expected outcome of such applications. It is stated by Brandt and Pilz [3] that 
the energy consumption and greenhouse gas emissions will be elevated when plastic 
packaging is substituted by other materials. Therefore, besides developing alterna-
tive packaging materials, ways to reduce the environmental impacts of plastics are 
of importance. High-density polyethylene (HDPE) is among the three most required 
plastics together with polypropylene (PP) and low-density polyethylene (LDPE) 
[4]. Furthermore, between various types of plastics, the most commonly used ones 
in packaging are made up of HDPE [5].

In this context, the aim of this study is to provide a comprehensive environmental 
profile of HDPE used as a packaging material via life cycle approach in a cradle-to- 
grave scope. A clear holistic picture is obtained for incineration, landfilling, and 
recycling as end-of-life alternatives.

 Materials and Methods

The functional unit used in this study is 1 kg HDPE material. System flowchart is 
illustrated in Fig. 1.

The scope of this study is defined as from cradle to grave. The scope covers 
HDPE production, transportation, and end-of-life management. HDPE production 
consists of HDPE granulate production followed by blow molding. The main raw 
material of polyethylene production is crude oil. As illustrated in Fig. 1, ethylene is 
obtained from gas oil or naphtha in a steam-cracker. Ethylene is then converted into 
HDPE under low-pressure conditions in a fluidized bed reactor where the reaction 
takes place in gas phase. The generated HDPE is then subjected to blow molding, 
where after it is shaped. There are no omitted manufacturing processes in the con-
ducted LCA.

Transportation is related to raw materials, product distribution, and conveyance 
to alternative end-of-life site. Transportation of HDPE pellets from refinery to man-
ufacturing plant (470 km road) is performed with trucks.

In terms of energy requirements, average European electricity mix is used for 
grid mix.

Incineration, landfilling, and recycling are alternative end-of-life destinations for 
HDPE packaging materials. For transportation to end-of-life facilities, an average 
road of 32 km is assumed to be covered by trucks as specified by US EPA Waste 
Reduction WARM Model [6].

Global warming potential (GWP), acidification potential (AP), eutrophication 
potential (EP), photochemical ozone creation potential (smog) (POCP), and ozone 
depletion potential (ODP) are the environmental impact categories considered.
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The LCA model was created using GaBi DB Version 6.115 which provides the 
life cycle inventory database for life cycle engineering. Primary inputs and outputs 
given in Table 1 are obtained from GaBi database [7].

Natural Gas
+

Steam Oil

Steam Cracker

Ethylene Compressor Cooler Reaction Vessel

SeparatorEthylene Gas Recycled

Shaped HDPE Blow Molding HDPE Pellets Extruder

Scenario
A: Landfill

Scenario
B: Incineration

Scenario
C: Recycling

Fig. 1 System flow chart

Table 1 Inputs and output Inputs
High-density polyethylene 
granulate (kg)

1.03

Electricity (MJ) 4.795
Compressed air 7 bar (Nm3) 0.08
Diesel (kg) 0.018
Output
High-density polyethylene (kg) 1
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The study is also conducted with reference to ISO 14040 series standards [8]. 
Results are based on characterization factors from the US EPA Tool for the 
Reduction and Assessment of Chemical and other Environmental Impacts called 
TRACI 2.1 Impact Categories [9].

 Environmental Impacts of HDPE Life Cycle

As indicated previously, HDPE plastic production has two consecutive stages of 
HDPE granulate production and blow molding process. Figure 2 illustrates percent 
shares of HDPE granulate production, blow molding process, and transportation in 
various environmental impact categories when end-of-life scenarios are not 
considered.
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Fig. 2 Percent shares of HDPE granulate production (raw material), blow molding process (man-
ufacturing), and transportation in various environmental impact categories
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Fig. 3 Percent shares in impact categories. (a) Landfill. (b) Incineration. (c) Recycling
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As evident from Fig. 2, GWP, POCP, AP, and EP impact categories are highly 
affected from HDPE granulate production stage. On the other hand, blow molding 
stage of production is the main contributor to ODP. The contribution of  transportation 
to GWP, POCP, AP, and EP relatively is insignificant. Transportation has no contri-
bution on ODP.

The contribution of various end-of-life alternatives for different environmental 
impact categories is illustrated in Fig. 3.

According to Fig. 3, when used HDPE packaging is directed to a landfill, the 
environmental impacts are increased. The mentioned elevation is insignificant in 
case of GWP, POCP, AP, and especially ODP. More than 20% of EP is associated 
with landfilling.

Incineration as an end-of-life destination lowers environmental impacts on EP, 
AP, and POCP. However, more than 80% of ODP is due to incineration.

Recycling has insignificant contribution on EP. Nevertheless, recycling alterna-
tive has positive impact on POCP, GWP, AP, and ODP. The results are consistent 
with the literature indicating the beneficial effect of recycling on GWP [10].

 Concluding Remarks

The concluding remarks of this study appraising the environmental impacts of 
HDPE packaging material through LCA are outlined below.

The highest shares in GWP, POCP, AP, and EP are due to HDPE granulate pro-
duction, when only production of HDPE and transportation stages are considered. 
On the other hand, blow molding stage of production is the leading contributor to 
ODP by considering only production and transportation stages.

Positive environmental impacts on POCP, AP, and EP are observed for the appli-
cation of incineration as an end-of-life alternative. Apart from EP, all the impact 
categories are positively affected from recycling. Landfilling is not recommended as 
a proper way of dealing with HDPE packaging wastes due to its contribution to 
environmental impacts.

It is recommended to perform the same LCA analysis by using the local data on 
the production of HDPE.
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Evaluation of Phosphorus Substance Flows 
for a Long-Term Resource Management

Demet Seyhan

Abstract Resource management, akin to hazardous waste management, must 
adopt a cradle-to-grave perspective for key resources. One good reason is that sub-
stance flows go unnoticed in the regional metabolism and the global trade of all 
goods (im Güterfluss). This in turn conceals causality in depletion and pollution, or 
hinders an effective conservation of resources and the environment, leaving its man-
agement symptomatic. Phosphorus (P) is a key nonrenewable resource, which must 
be imported to almost all countries, and its use as fertilizer cannot be substituted 
posing a constraint on the global food production and for the long term. This paper 
shows the P-flows used and lost abroad (the Hinterland) to produce the goods 
imported into one country, as a continuum of our earlier study and for the cases of 
Turkey and Austria. These Hinterland flows represent the actual and total raw mate-
rial consumption of a country and can in some cases dominate the overall system 
belittling front-end or country-wide recycling and conservation efforts. In particu-
lar, losses in global agriculture as well as the magnitude of mining wastes must be 
considered for effective decisions on P-management. Taking the Hinterland into 
account will link those global and regional P-flows and help in setting the right 
priorities for P-management. Implication for recycling and the circular economy is 
the potential shown for recovery, which shall only take place alongside with reduc-
ing big losses and the inefficiencies within one country and elsewhere.
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D. Seyhan (*) 
Istanbul Technical University, Istanbul, Turkey

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95888-0_6&domain=pdf


64

 Introduction

The economy is run by resources. Some of them are extractive and finite, and espe-
cially for these, we strive for circular economy designs. One such resource, also 
essential to human survival, is managed unsustainably and demanded each year in 
ever-growing amounts: phosphorus (P) is the subject of this work on resource man-
agement. In order to effectively conserve this resource, flows and stocks of it must 
be known at national and global scales. Such information was gathered, and a 
method, SFA for P (substance flow analysis for P), was presented by Seyhan [1] 
based on Brunner et al. [2]. In it not only flows and stocks of P consumed within one 
country are estimated but also those incurred elsewhere due to this consumption, 
i.e., indirectly.

The paradigm  shift from waste management into resources management is 
reflected well in the case of phosphorus: in the beginning was P, the pollutant in 
wastewater, to be removed from it in a tertiary treatment step, from the perspective 
of sanitation and environmental engineering. Then, as early as in the 1980s [3], 
there was a talk of phosphorus recovery from sewage sludge in order to reduce P 
raw material imports to a country, which would also economically justify the 
advanced treatment of wastewater. Although enhanced biological phosphorus 
removal (EBPR) had begun with a serendipitous discovery in the late 1960s, there 
was a peak in research in the 1990s, and attempts have been made to recover P from 
EBPR sludge starting from the 2000s [4]. By 2012, the amount of P in sewage was 
said to be able to cover for or substitute 20% of the worldwide P-rock demand and 
that EBPR was a mature technology; however, subsequent P recovery technologies 
still needed to be worked on [5]. We can narrate the case of struvite in a parallel 
manner, the precipitation of which was also a major line of research and develop-
ment (R&D) for nutrient recovery from wastewater. This was the first tier of resource 
management for P as depicted in Fig. 1: resource recovery from wastewater. It has 
all started with advanced wastewater treatment technologies, at the end of the pipe.

Regional Metabolism

Waste & Wastewater 
Management

The Hinterland

Fig. 1 Resource management going back to the cradle or the mine, one tier at a time (ca. one 
decade apart), starting from the grave or the end of pipe
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Material flow analysis (MFA) is a well-suited tool for decision support on 
regional nutrient management. Derived from MFA, substance flow analysis (SFA) 
depicts the substance flows both in raw materials and in finished goods. Substance 
flows of P from the 1990s reflect the central European experience: the anthropo-
genic use of the resource was inefficient and burdened with high losses, especially 
in agriculture [6], leading to accumulation of P in the soil and eutrophic surface 
waters. A comprehensive SFA involves all relevant flows and stocks of P, and in the 
2000s, it was used for the resource management of P in Turkey and in Austria [7]. 
Flows and stocks were identified and quantified at three levels. Ranking the six 
main processes in importance with their efficiencies and their sub-processes, 
P-metabolisms of these regions were observed. Measures and technologies in the 
agricultural sector seemed indeed urgent, and recycling at the end of pipe still made 
sense if the tertiary treatment was all complete and exhaustive. This was the second 
tier (Fig. 1): resource management of a region. A resource accounting of those sub-
stance flows enabled this new perspective.

Global environmental and resource issues have a larger scale in space and time 
requiring a wider perspective. For depleting resources and especially for those 
resources essential to human survival, an outlook involving distant times and places 
becomes vitally important. Such long perspectives relate to basic human rights 
when it comes to key resources and are shown to be urgent in providing long-term 
distributional benefits for the globe and for future generations [8, 9]. Like in these 
economic analyses, material flows and their long-term evaluation can extend beyond 
regional boundaries too: tracing them back to the mine, we can see the wider reper-
cussions of a regional metabolism on the global, overall system. This notion of 
Hinterland flows was introduced already by 2006 [1], where the Hinterland and the 
Region were depicted as two concentric, rounded rectangles depicting regional 
flows and their impacts inflicted abroad. In this comparative study, a third, 
subsystem- level, sectoral analysis was also made. It was not until 2014 that system 
boundaries in the form of concentric rectangles were displayed again, this time in a 
review paper by Chowdhury et al. [10]. Their aim was to order and categorize all 
P-studies until then into a cascade of analyses, much as we quantified in our multi-
layer analysis for Turkey and Austria [2], followed a decade later by another multi-
layer study on China with the national borders as the outermost. Although these 
later studies proposed sketches similar to our notion, they miss the point of having 
production processes beyond country borders, such as agriculture, and suffice at 
most with the mining process out there.1 Other approaches were developed after 
2010 that too widen the scope of analysis, with or without process thinking: “Virtual 
phosphorus ore” requirement for Japan [11] or “P footprints” for the diets of 170 
countries [12] were calculated, which do track flows back to the mine. Compared to 
these studies that do not propose comprehensive methodologies nor define boundar-
ies, we present a widely applicable systematic approach based on SFA, with 

1 Referring also to our study [7], Chowdhury mentions that no recycling was reported by us, while 
recycling for both countries in the form of manure, sludge, and even compost was shown or men-
tioned in the said study, which is less overloaded with data than the original work [1].
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 complete scope. It builds on our previous work [7] and follows the approach pub-
lished by Seyhan and Brunner [13], which deliberates and explains the choice on the 
system boundaries: while involving the Hinterland links those global and regional 
P-flows arising from a metabolism, the former can render front-end measures 
become obsolete in some cases. Thus, juxtaposing the two will help in reconciling 
short-term (regional) and long-term (global) goals and issues, encouraging more 
conscious decision-making in this realm, and also informing us toward making the 
background goals and those front-end solutions more congruent, harmonious, and 
in tune with one another. Table 1 offers a possible prioritization of this sort, one that 
can emerge in an informed society.

In this study, we aimed at the long-term, sustainable management of phosphorus 
resources by studying the Hinterland flows of countries. The concept of “Hinterland 
use” refers to the total amount of P used and lost abroad for the production of all 
goods imported into one country. For this, we visualized an additional system 
boundary beyond national borders and incorporated those upstream (initial; prior to 
import) Hinterland processes. The objectives of this paper are to show:

 1. A country’s consumption of the resource P and its total share in primary resource 
use including those used in the Hinterland

 2. The pollution potential generated in the Hinterland due to the consumption pat-
terns within one country

 3. A comparative analysis of cases demonstrating the wider application of the 
method

 Method

The framework used is explained in Seyhan and Brunner [13]. A simple system 
(Fig. 2) is proposed there, reducing the flows and the stocks to the essentials for our 
purposes, displaying at this level of analysis only the average values, and discussing 
the long-term management. According to this, P-management should deal not only 
with the short-term concerns of efficiency increases and regional pollution but also 
with the long-term concern of resource depletion and stock changes.

A comparison to the well-known indicators like total material requirement 
(TMR) and hidden flows (HF—the ecological rucksack) of the Wuppertal school 
shall be made at this point [14]. Bringezu et al. carried out their MFA at the goods 
level. They estimated the total mass of all goods used by a national economy, 

Table 1 Suggested priorities for P-management at various levels

Global priorities National priorities User priorities

Resource allocation
Mining wastes
Agricultural technologies
Food security and safety

Efficient resource use
Waste reduction/avoidance (vermeidung)
Recycling and recovery

Sustainable consumption
Sustainable production
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together with their “ecological rucksack.” The latter refers to the hidden flows—hid-
den because not registered, not having a price nor being traded: “Total quantity (in 
kg) of natural material moved (physically displaced) by humans in order to generate 
a good.” These do normally not show up in those MFA works based on conventional 
statistics or in economic analyses. TMR, per definition, covers all the goods used 
(domestic + import) together with their hidden flows. The Hinterland consumption 
of P then can be seen as an allusion to TMR, in the sense that it includes both 
imported amounts and their ecological rucksack (the hidden flows involved in their 
production) but at a substance level. Beside the level of aggregation, another differ-
ence is that TMR also involves inland hidden flows. In our work [1], those inland 
hidden flows that are “not accounted for” in statistics (like erosion, manure, losses, 
soil accumulation) were estimated within the regional SFA. Thus, they are not hid-
den and do not relate to the Hinterland analysis presented here. Again contrary to 
TMR, inland mining of the resource—P drawn from their own soil stock in 
our  cases—is not included in the parameter defined here. One weakness of our 
approach lies in its purpose: it is not intended to determine a total environmental 
impact like overall material use of a society; it just shows the share of an importing 
country in the global P-resource use, as well as the potential of P pollution created 
in its Hinterland. Hinterland mining would not directly show the total consumption 
of those few countries holding their own reserves (like the USA or China), from a 
global stock. However, the original work [1] incorporates a national stock to repre-
sent such cases.

SFA for P [1] described the entire regional metabolism using the mass balance 
principle and so differs from recent footprint and embodied P analyses. It estimates 
and balances substance flows with data double-checked at input and output ends of 
the processes from various sources; and it provides additional cross-check that 
relies on the systems’ inner validation. These country-wide balances were carried 
out in gross amounts, and once the work was done on two levels including the 
uncertainties, the evaluation of the system follows: at a third level (and this time in 
averaged per capita flows), this proxy system is designed for the assessment of those 

Hinterland

Import:

Region

Praw&fertilizer

Food&Fodder
Food

Exp.

P

Oth.
Others

Exported P

P management system, 2001

Σ Stock

Σ Import kg/cap*a Export:Σ Export kg/cap*adStock: ∆ Stock kg/cap*a

+∆ Stock
Σ Stock
+∆ Stock

Fig. 2 The phosphorus management system for a Region together with its Hinterland [13]

Evaluation of Phosphorus Substance Flows for a Long-Term Resource Management



68

balanced regional systems and incorporates also the Hinterland. In comparison, 
footprint studies are more practical, macro-level analyses that are service- and 
product- oriented deducing a footprint score from one sectoral and global data set, 
such as “the food consumed.” Footprints are generally loosely defined and often 
lack clarity in expression. Recently accounting also for a single substance across 
regions as in SFA, “footprints” provide us with comparative studies of performance 
summarised in a single score representing either the resource extraction or the car-
bon emission [12, 15]. They efficiently focus on the relative performances in the 
World League rather than assigning absolute values to each flow and stock in one 
country, while we employ process thinking exhaustively: stages of resource use and 
losses depict redundancies and the potentials in the system for meaningful improve-
ments. For example, through the use of SFA, upstream flows or the input side of the 
system depicts pollution potentials there besides the resource use, while the output 
side points at the resource potential there besides accounting for emissions alone. 
As such, mining waste flows or an estimation of the amounts extracted from the 
ground are provided here.

Turkey and Austria are chosen to be the case studies; time- and cost-efficient col-
lection of direct data was made possible due to residence in these countries as well 
as due to previous work done. They also represent a 1:10 ratio in terms of size and 
population providing two complete different cases geographically, culturally, and 
economically. In fact, adapting the same SFA for both countries having different 
systems of data collection aspired for a model widely applicable for most countries 
and in reality anticipated hard-to-compare varieties to follow. We now intend to 
study the USA and China for their Hinterland flows, due to their sizes and the speed 
of change in P-flows over time, while data will most probably be derived from sec-
ondary sources, which seem available by now. Also, the former two countries were 
100% importers of the resource, whereas the latter two belong to those few coun-
tries holding P-deposits and mining them.

Import: 0 dStock: 0 Export: 0

Hinterland Turkey

Food&Fodder

Others

Exported P

P management system, 2001

Praw&fertilizer

Σ Stock
+3.8

3.5

0.3

0.3

0.4Σ Stock
–3.8

Fig. 3 Phosphorus imports, exports, and stocks of Turkey, kg/cap*a [13]
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 Results and Discussion

Below, the P import, export, and stock of Turkey and Austria are presented in Figs. 3 
and 4, and then the corresponding P-flows in the Hinterland required to produce 
those imports are shown (Figs. 5 and 6).

Hinterland Austria

Food&Fodder

Others

Exported P

P management system, 2001

Praw&fertilizer

4.7

1.8

1.4

3.9

Σ Stock
+4.0

Σ Stock
–4.0

Fig. 4 Phosphorus imports, exports, and stocks of Austria, kg/cap*a
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Fig. 5 Phosphorus flows in the Hinterland of Turkey, kg/cap*a [13]
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 The Overall System Including the Hinterland

For a long-term and sustainable management of P, the total raw material use of 
countries, their Hinterland use, as well as total emissions to the environment should 
be known. Comparing Figs. 3 and 4, we see that surprisingly there is a net import of 
4 kg/cap*a in both countries (rounding errors and averages), despite big differences 
in agriculture, trade, and diet of P in these two cases.

 1. Net imports to the Region and regional stocks remain the same in both countries. 
Thus, looking at the imports and exports of the countries alone does not reflect 
their ore consumption. As we will see, Austria, being more active in the global 
trade, uses twice as much P from the global reserves and sends twice as much to 
the total stocks.

 2. Turkey imports almost only the raw material, P-rock and P-fertilizer, while 
Austria imports six times more P in food and fodder than Turkey, a quarter of it 
being animal products. This will have implications in the Hinterland. Austria 
also exports P in fertilizer and food: while food import and export are balanced, 
there is a net import of fodder-P.

 3. In both cases, around 3 kg/cap*a will be used only as fertilizer in the Region [1].
 4. Stocks in Turkey are not deliberated, and P can be lost to the environment, 

whereas the stocks in Austria seem more conscious as the agricultural soil 
(enriched soil), the landfills (protected environment), and only then the environ-
ment [1, 7, 13].

Import: 3.9 kg/cap*a dStock: –4.0 kg/cap*a Export: 7.9 kg/cap*a
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Fig. 6 Phosphorus flows in the Hinterland of Austria, kg/cap*a
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 The Hinterland

Previously we showed that a net import of 4 kg/year remains in both countries. Now 
looking at the Hinterland, we observe that the corresponding resource used abroad 
is much larger and can differ in various cases (Figs. 5 and 6). We know that P con-
sumed in diet is 0.6 kg per person in both countries [1]. To reach that end, around 12 
and 25 kg/person and year are extracted from the global reserves in case of Turkey 
and Austria, respectively. The difference arises from the fact that Austria is more 
involved in animal agriculture and such diet as well as in the exports of P-involving 
goods such as food and fodder.

The efficiencies of use in the Hinterland are chosen to be similar to those in the 
region with the exception of mining: mining and beneficiation have the highest inef-
ficiency in terms of P. Otherwise, the biggest inefficiency is in agriculture. P applied 
on soils is not immediately available to plants, and animal agriculture leads to 
manure-bound P that is not properly recycled to the soil. Similar to Seyhan [1], Ma 
et al. [16] assessed P-management scenarios with indicators defined for this purpose 
and reported massive amounts of manure being wasted into waterways in China. 
The authors suggest importing of animal products and fodder to reduce inefficien-
cies and the losses to the environment within the country. However, as they too 
recognize, imports just transfer the inefficiencies of production to the exporting 
countries. Clearly, new agricultural technologies and practices are needed. There 
are other regions in the world with predominantly and increasingly animal-based 
diets, having problems with manure surpluses, which require solutions toward a 
clean recovery of P. To that end, we currently develop a solution to recover P from 
manure that shall be used firstly in the rural areas of Turkey [17].

Concerning the emissions to the environment, the first concern has been the 
eutrophication of surface waters in a Region. Still in Turkey and in Austria, this type 
of pollution control will be completed for point and diffuse sources, respectively. In 
this study, we aimed to take into account also those emissions in the Hinterland. 
Agricultural losses to the Hinterland environment arise mainly due to the imports of 
food and fodder, thus being larger for Austria than for Turkey (Fig. 6). Yet, the larg-
est loss in the Hinterland of an importing country is caused due to mining and ben-
eficiation. For Turkey, around 7 kg P/cap*a is lost to the environment from mining 
alone, which is around 60% of all the losses to the environment, point, or diffuse 
alike, both in the Region and the Hinterland.

As for the secondary resources of P in the region, and resource recovery, we 
showed previously [7] that recoverable amounts of P in these countries come mainly 
in manure and sewage sludge, and half a kilogram per person or more is already 
recovered in both cases. This alone will fall short of replacing the 10- or 20-fold 
higher raw material extraction in the Hinterland so as to overcome global resource 
scarcity. Necessary efficiency increase of the processes will be reducing losses, and 
new, better ways of recovery shall be developed to have a more sustainable 
P-management over the entire space and time.

Evaluation of Phosphorus Substance Flows for a Long-Term Resource Management
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 Conclusions

Resources do fire the economy, and so the recognition of a depletable resource or a 
sudden price spike of it leads to reactive research and recovery. Nutrient manage-
ment is a classical problem of human history and will need longer perspectives. 
Once the initial haste is over, we can ponder and reevaluate how efficient the overall 
system is and what that implies for each country. After spotting those inefficiencies, 
we can make a deliberate choice also to push measures further upstream toward the 
cradle, which will be one major advantage of systems thinking.

With the inclusion of the Hinterland, a much higher per capita consumption of P 
is observed in raw material terms. A SFA with wider scope shows both the con-
sumption abroad for the production of all imports and the losses there. These can be 
much larger than the pollution or losses in the Region and should be given prece-
dence in that case. Responsibility falls on all countries, especially concerning non-
renewable resources like P, to support sustainable production and consumption as 
well as R&D toward recovery. Both would serve a lesser depletion and a better 
distribution of these resources. To be able to track such improvement, we also aim 
to further our model toward a new anthropogenic definition of “depletion”: com-
municating resource depletion and consumption of a country in a clear way that 
involves the Hinterland use and those recovered amounts, we shall differentiate 
between the two outputs as emissions to the environment and those recoverable 
forms of P, ordering them into separate stocks, within the regional model.
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Recovery of Phosphorus and Nitrogen 
from Sewage Sludge as Struvite Using 
a Combined Alkali Hydrolysis and Thermal 
Treatment Process

Ayla Uysal, Mehmet Aydoğan, and Emine Çelik

Abstract Alkali (NaOH) hydrolysis and low-temperature thermal treatment were 
applied to digested sludge for the recovery and release of PO4

3− and NH4
+. The Box- 

Behnken design was applied in the hydrolysis using 0.5M NaOH for the optimiza-
tion of the conditions that affect the nutrients and metal release from digested 
sludge. PO4

3− release was positively associated with decreasing liquid/solid ratio 
and increasing temperature. Moreover, Ca, Fe, and Zn releases also increase with 
increasing temperature. However, the temperature did not have any effect on NH4

+ 
release. An optimal condition for the release of nutrients and metals was obtained at 
a liquid/solid ratio of 10/1 (mL/g), a temperature of 40 °C, and a reaction time of 
40 min. In this optimal condition, the concentrations of PO4

3− and NH4
+ released 

were 921.00 and 819.15 mg/L, respectively. The removal rates of PO4
3− and NH4

+ 
from hydrolyzed sludge liquid by struvite crystallization were 95.27% and 77.95% 
in this condition. Struvite obtained had low Ca, Fe, and Al content. The produced 
struvite meets the legal limits for fertilizer use in terms of Cd, Cu, Ni, Pb, Zn, Hg, 
and Cr content specified by Turkish regulations.

Keywords Alkali hydrolysis · Metal release · Nutrients recovery · Sewage sludge 
· Struvite · Thermal treatment

 Introduction

The amount of sludge produced by biological sewage treatment plants around the 
world has been constantly increasing. Thus, the treatment and disposal of excess sew-
age sludge pose a challenge for wastewater treatment plants. The phosphorus and 
nitrogen contents of sludge, due to the application of biological nutrient removal tech-
nologies, range between 4% and 9% [1, 2]. Sludge is the main channel for phosphorus 
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and nitrogen loss to the environment. Therefore, phosphorus and nitrogen recovery 
from sewage sludge could provide a key solution to nutrients shortage [2].

Generally, the first step of phosphorus and nitrogen recovery involves the release 
of phosphorus and nitrogen from the solid phase into the solution [3]. Many studies 
of the chemical processes using acid or alkali are under way in order to release 
phosphorus and nitrogen from sewage sludge [4, 5]. Acid hydrolysis can dissolve 
Ca and Al combined P (Ca-P, Al-P) but also dissolve heavy metals, which are unde-
sirable when the recovered P is used as fertilizer [6–8]. However, alkali hydrolysis 
cannot extract Ca-P and heavy metals but can dissolve Al-P and Fe-bound P (Fe-P) 
[7, 8]. Alkali hydrolysis methods can recover phosphorus with low heavy metal 
content and are regarded useful compared to acid hydrolysis. However, in alkali 
hydrolysis, phosphorus release rate is low compared with acid hydrolysis [3, 5, 9]. 
To solve this problem, a combination of alkali hydrolysis and thermal treatment is 
considered useful compared with conventional alkali hydrolysis [5, 10]. Takiguchi 
et al. [11] reported the release of phosphorus from phosphorus accumulating organ-
isms grown in the laboratory at low temperature (50–90 °C). The combination of 
chemicals with heat seems to be more beneficial than heat alone [12].

Phosphorus and nitrogen are often released from sludge with hydrolysis and 
recovered with crystallization as struvite (MgNH4PO4) [13, 14]. Recently, Bi et al. 
[1] and Xu et al. [8] recovered phosphorus and nitrogen as struvite from the alkali 
hydrolysis of sludge. However, there are no studies yet on the recovery of nutrients 
released from sludges, as struvite, by alkali and low-temperature thermal 
treatment.

The present study was conducted to achieve three goals. The first aim was to 
investigate the characteristics of digested sludge by alkali hydrolysis at different 
NaOH concentrations. These characteristics were further evaluated in terms of the 
release of P, Ca, Mg, Na, Al, Fe, Zn, Cr, Pb, Cu, and Ni. The second aim was to 
investigate the optimization of conditions for the release of high nutrients and low 
Ca, Mg, Na, K, Al, Fe, and Zn from the digested sludge using NaOH hydrolysis and 
low-temperature thermal treatment using the Box-Behnken design. The third aim 
was to investigate the recovery of phosphorus and nitrogen by struvite crystalliza-
tion from hydrolyzed liquids resulted from NaOH hydrolysis and low-temperature 
thermal treatment.

 Materials and Methods

 Sludge Sample and Preparation

The digested sewage sludge used in this study was obtained from anaerobic digester 
effluent of a wastewater treatment plant with an anaerobic/anoxic/aerobic (A/A/O) 
process located in Antalya, Turkey. The sludge samples were oven-dried at 
103 ± 2 °C for 42 h and then finely grounded and sieved to 1 mm mesh size. These 
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samples were used for metals, nutrients measurements, and hydrolysis 
experiments.

 Characteristics of Anaerobically Digested Sewage Sludge

The main characteristics of the anaerobically digested sewage sludge were as fol-
lows [6]: total solid (TS), 3%; total volatile solid (TVS), 2.90%; total chemical 
oxygen demand (TCOD), 32,800 ± 1555.63 mg/L; soluble chemical oxygen demand 
(SCOD), 823  ±  26.87  mg/L; total nitrogen (TN), 4.19%; total phosphorus (TP), 
2.00%; and pH 8.03. Table 1 shows the mean concentrations of the inorganic com-
ponents in digested sludge as measured during the duplicate analysis [6]. The 
digested sludge contains a high concentration of Ca, Mg, K, Na, Al, Fe, Zn, Cu, Pb, 
and Ni. However, the digested sludge had low concentrations of Cr. Cd and Hg 
concentrations were below the detection limit.

 Alkali Hydrolysis and Thermal Treatment

The preferred alkali, in most cases, was sodium hydroxide (NaOH) which was 
reported to yield greater solubilization efficiency than calcium hydroxide (Ca(OH)2), 
KOH, and Mg(OH)2 [15, 16]. Moreover, NaOH is the preferred alkali leachate in 
most cases because it releases more dissolved phosphorus [15]. Hence, alkali hydro-
lysis using NaOH was performed. Hydrolysis was performed using a Biosan MSH- 
300i magnetic stirrer with a hot plate at a constant mixing rate (250  rpm). The 
hydrolysis was conducted in two stages: First, NaOH was performed using solu-
tions of different concentrations (0.1, 0.5, and 1.0M) at a liquid (mL)/solid (g) ratio 
of 10/1 for 1 h at constant room temperature. A suitable NaOH concentration was 

Table 1 Elemental 
composition of the digested 
sludge

Element Concentration (mg/kg)

Ca 83,380 ± 112.1
Mg 10,620 ± 18.0
K 11,560 ± 19.7
Na 11,280 ± 21.2
Al 6831 ± 10.2
Fe 6140 ± 11.2
Zn 10,960 ± 30.5
Cu 917 ± 9.35
Cr 70.42 ± 0.16
Pb 487.4 ± 6.28
Ni 363.3 ± 3.48
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determined regarding the release of phosphorus and metals. Second, the Box- 
Behnken design was employed to optimize high nutrients and low metals released 
from the digested sludge using a suitable NaOH concentration determined in first- 
step hydrolysis. The effects of parameters, such as liquid/solid ratio (mL/g), tem-
perature (°C), and reaction time (min) on nutrients and metals released from the 
digested sludge using alkali hydrolysis and thermal treatment, were determined 
using the Box-Behnken design.

The samples were centrifuged (at 8000 rpm for 10 min) after hydrolysis to pre-
cipitate the sludge samples. The hydrolyzed sludge liquid or supernatant was fil-
tered through a 0.45 μm membrane filter, and the concentration of PO4

3− and metals 
in the solution was analyzed.

 Box-Behnken Experimental Design and Statistical Analysis

Box-Behnken, a spherical and revolving design, was used during the optimization 
of chemical and physical processes, due to its reasoning design and excellent out-
comes [17]. The Box-Behnken design was specifically selected because it requires 
fewer runs than a central composite design in cases with three or four variables. 
Therefore, selecting the Box-Behnken experimental design in this study allowed the 
elimination of some additional experiments, as well as time-consuming and exhaust-
ing laboratory studies. The optimal conditions for maximizing the nutrients release 
and minimizing the metals release using NaOH and thermal treatment were deter-
mined by a three-factor, three-level Box-Behnken experimental design. The total 
number of tests required for the three independent variables studied in hydrolysis 
process (liquid/solid ratio (X1), temperature (X2), and reaction time (X3)) was 15. 
Experimental levels used for the three factors were coded as −1, 0, and +1. The 
experimental range and levels of independent variables considered in this study are 
presented in Table 2.

Analysis of variance (ANOVA) was used to analyze the results with Minitab 16 
software (Minitab, Inc., State College, PA, USA). Minitab 16 software was used for 
regression and graphical analyses of the data. The significance of independent vari-
ables and their interactions were tested by ANOVA. It was determined that results 
with less than 95% confidence interval (P > 0.05) were not statistically significant 
for the model. According to the Minitab 16 software, each of the response could be 
fitted by a predictive polynomial quadratic model, as shown in Eq. (1):

Table 2 Factors and levels investigated in alkali hydrolysis and thermal treatment tests using 
0.5M NaOH by Box-Behnken design

Coded levels Liquid/solid ratio (mL/g), X1 Temperature (°C), X2 Reaction time (min), X3

Low level (−1) 5/1 40 40
Center level (0) 10/1 55 70
High level (+1) 15/1 70 100
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Y a a x a x a x a x x a x x a x x a x a x= + + + + + + + + +0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 11
2
1 22

2
2 aa x33

2
3  (1)

where Y is release of nutrients or metals (mg/L); x1, x2, and x3 are coded non- 
dimensional factors for liquid/solid ratio, temperature, and reaction time, respec-
tively; a0 is the constant term; a1, a2, and a3 are linear effect terms; a12, a13, a23, and 
a24 are interaction effect terms; and a11, a22, and a33 are quadric terms.

 Struvite Formation

Sludge liquid hydrolyzed with NaOH and thermal treatment was used for struvite 
formation. The batch chemical precipitation experiments for struvite formation 
were conducted in 70 mL volume with continuous stirring with a magnetic stirrer at 
room temperature (stirring speed 250 rpm). The formation of struvite requires Mg2+, 
NH4

+, and PO4
3− with an ideal molar ratio of 1:1:1. Thus, MgCl2.6H2O and H3PO4 

were used as additional sources of Mg2+ and PO4
−3 to simultaneously recover PO4

3− 
and NH4

+.
The pH value of the sample was adjusted to the desired level with NaOH (20%) 

and HCl (1M) solutions, and the pH was maintained at the desired level. Samples 
were stirred for 30 min and then held for 1 h to allow the precipitate of solid matter 
to form. Then, the contents of the beaker were filtered through a coarse filter. Solid 
matter left on the coarse filter was dried by holding at room temperature for 48 h.

 Analytical Procedure

TS, TVS, and TN were conducted by the procedure described in the standard meth-
ods [18]. TCOD and SCOD were determined by the Hach reactor digestion method. 
PO4

3− and NH4
+ were determined using the Hach ascorbic acid method and the Hach 

Nessler method, respectively. To analyze total metal and TP contents, 1.0 g of sludge 
sample was weighed, and microwave digestion using HNO3, HCl, and HF was 
applied. Ca, Mg, K, Na, Al, Fe, Zn, Cu, Cr, Pb, Ni, Cd, and Hg were measured using 
inductively coupled plasma (ICP-OES) (Perkin Elmer, DV2100) after acidic micro-
wave digestion. SCOD, PO4

3−, and metal contents were determined by filtering the 
sample through 0.45 μm membrane filters. The pH values of digested sludge were 
measured using 1:5 water extraction mechanically stirred for 3 h and subsequent 
determination using a Hanna HI 221 pH meter.

The crystal structure of the dry precipitate was determined using an X-ray dif-
fractometer (XRD, Philips, X’Pert Pro). To determine metal and total phosphorus 
contents of the dry precipitate, microwave digestion was applied by the addition of 
HNO3 and HCl to 0.1 g of solid sample in pressure-resistant Teflon tubes [19].
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 Results and Discussion

 Effects of Different NaOH Concentrations on the Release 
of Phosphorus and Metals from Digested Sludge by Alkali 
Hydrolysis

Table 3 shows the concentrations of released P, Ca, Mg, Na, K, Al, Fe, Zn, Cr, Pb, 
Cu, and Ni from the digested sludge at different NaOH concentrations. A signifi-
cantly higher amount of phosphorus was hydrolyzed when the NaOH concentration 
was raised to over 0.1M. However, the concentrations of released Na, K, and Al 
increased as the NaOH concentration increased. There were no considerable differ-
ences in the Ca, Mg, and Fe. Heavy metals such as Zn, Cr, Pb, Cu, and Ni were also 
released in the hydrolyzed liquid, but their concentration is very low. For phospho-
rus recovery by struvite formation, metal release such as K, Na, Ca, and Al was 
unfavorable because metal phosphate can be crystallized under certain conditions, 
which affects the purity of the struvite [2, 20]. A previous study showed that H2SO4, 
HCl, HNO3, and citric and acetic acids applications were efficient for releasing Ca 
in the range of 590–9900 mg/L [6]. Alkali hydrolysis using NaOH seemed to be 
more beneficial in terms of low Ca release (Table 3). Specifically, Na, K, and Al 
releases were significantly high at 1M NaOH concentration, and there was no sig-
nificant change in P release compared to 0.5M NaOH concentration. Therefore, 
optimization conditions for the release of nutrients and metals with low-temperature 
thermal treatment were obtained by using 0.5M NaOH.

 Optimization of Conditions for the Release of High PO4
3− 

and NH4
+ and Low Metals Using 0.5M NaOH and Low- 

Temperature Thermal Treatment by Box-Behnken Design

The Box-Behnken design was employed to optimize high PO4
3− and NH4

+ and low 
metals release from the digested sludge using 0.5M NaOH and low-temperature 
thermal treatment. Table 4 shows the experimental conditions and the release of 
PO4

3−, NH4
+, and metals from the digested sludge of three factors (liquid/solid ratio 

(X1), temperature (X2), and reaction time(X3)) in the Box-Behnken design. The 
release of Cr, Pb, Cu, and Ni was not determined, as they were already present in 
trace concentrations in the hydrolyzed sludge liquid from different NaOH concen-
trations (Table 3).

PO4
3− release decreased significantly with temperature increase for liquid/solid 

ratios at and above the central point (Table 4). However, a decrease in the liquid/
solid ratio with an increase in temperature enhanced the release of PO4

3−. Kim et al. 
[10] applied thermal and alkali treatment for the release of phosphorus and nitrogen 
from waste-activated sludge and studied the effects of NaOH concentration (0.001–
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1.0N NaOH) and temperature (50, 60, 70, and 80 °C). They reported an increase in 
the release of phosphorus, nitrogen, and organic compounds using combined ther-
mal and alkali treatments. However, the effect of temperature was significant only 
at low NaOH concentrations but was insignificant at high NaOH concentrations. In 
our study, however, the effect of temperature on PO4

3− release was found to be 
related to the liquid/solid ratio.

The effect of temperature on PO4
3− release was positive when liquid/solid ratio 

was below 10/1; however, the effect was negative at and above 10/1 liquid/solid 
ratio (Fig. 1a). Nevertheless, the temperature did not appear to have a significant 
effect on release of NH4

+ under any test condition (Fig.  1b). On the other hand, 
NaOH and thermal treatment dissolved not only PO4

3− and NH4
+ but also K, Al, Fe, 

and Zn (Table 4). The release of Fe and Zn increased with temperature. The highest 
PO4

3− release (1161.00 mg/L) was found at a liquid/solid ratio (mL/g) of 5/1, tem-
perature of 70 °C, and reaction time of 70 min (test no. 3) (Table 4). However, Fe 
and K release was maximum (112.40 and 350.80 mg/L) under these conditions, and 
Zn release was also high (Table 4). Alkali hydrolysis and temperature were applied 
together to determine optimum conditions, considering the operating conditions 
with the high nutrient release and low metal release as the basis. Therefore, the 
optimum conditions for nutrient and metal release were determined to be 10/1 liq-
uid/solid ratio, 40 °C temperature, and 40-min reaction time (test no. 9) (Table 4).

The model adequacy was checked by the determination coefficient (R2). The 
second-order polynomial model for release of PO4

3− and NH4
+ (Y) was regressed by 

considering only the significant terms, shown in Eqs. (2) and (3):

 
Y x x x x x RP = − − + − =(276 83 352 13 200 18 244 09 199 65 0 90801 2 1

2
1 2

2. . . . . . ))  
(2)

 
Y x x x RN = − − − =( )715 95 89 33 90 30 89 33 0 86291 3 1

2 2. . . . .
 

(3)

As seen in Eq. (2), the first-degree main effects (liquid/solid ratio (x1) and tempera-
ture (x2)) and the second-degree main effect (x1

2) on release of PO4
3− were the sig-

nificant model terms. As seen in Eq. (3), the first-degree main effects (liquid/solid 
ratio (x1) and reaction time (x3)) and the second-degree main effect (x1

2) on release 
of NH4

+ were the significant model terms. The values of the R2 were greater than 
0.86 for both YP and YN, suggesting that the regression models were appropriate for 
simulating the experimental data.

 Properties of Struvite Produced from the Hydrolyzed Liquid 
Using 0.5M NaOH and Low-Temperature Thermal Treatment

Nutrient and metal release was optimum at 10/1 liquid/solid ratio, 40 °C tempera-
ture, and 40-min reaction time (test no. 9) (section “Optimization of Conditions for 
the Release of High PO4

3− and NH4
+ and Low Metals Using 0.5M NaOH and 

A. Uysal et al.



83

0

500

-1 0

1000

-1
1

0

1

Temperature (°C)

P (mg/L)

Liquid/solid ratio (mL/g)

a

-1

500

600

0

700

-1
1

0

1

N (mg/L)

Temperature (° C)

Liquid/solid ratio (mL/g)

b

Fig. 1 Effects of interaction of liquid/solid ratio × temperature on release P (a) and N (b)

Table 6 Heavy metals results obtained for produced struvite in this study

Produced 
struvite

Cd (mg/
kg)

Cu (mg/
kg)

Ni (mg/
kg)

Pb (mg/
kg) Zn (mg/kg)

Hg (mg/
kg) Cr (mg/kg)

Test number 5 b.d. 7.19 ± 0.02 b.d. b.d. 505.10 ± 7.1 b.d. 8.49 ± 0.02
Test number 9 b.d. b.d. b.d. b.d. 650.6 ± 7.6 b.d. b.d.

b.d. below detection limit

Table 5 Characteristics of the struvite precipitate produced from alkali hydrolysis and low- 
temperature treatment

Produced struvite P (%) Mg (%) K (%) Ca (%) Na (%) Al (%) Fe (%)

Test number 5 7.7 5.13 0.95 0.20 1.19 0.51 2.54
Test number 9 8.3 6.07 1.28 0.12 2.31 0.12 0.04
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Low- Temperature Thermal Treatment by Box-Behnken Design”). Therefore, 
hydrolyzed sludge liquid obtained under these conditions was used for the forma-
tion of struvite. Hydrolyzed sludge liquid, obtained under 5/1 liquid/solid ratio, 
55 °C temperature, and 40-min reaction time (test no. 5), was also used for struvite 
formation because decreasing liquid/solid ratio and increasing temperature were 
found to have significant effects on release (Table 4).

Struvite formation is more favorable when the ratio of Mg:P was 1:2.5 [2], and 
the molar ratio of P:N has to be at least 1:1 [21]. In this study, Mg2+:NH4

+: PO4
3− was 

arranged at 1.5:1:1, and pH was held at 9.0. Then, the struvite crystals were formed. 
The removal rates of PO4

3− and NH4
+ were 97.93% and 62.34% in test number 5 and 

95.27% and 77.95% in test number 9, respectively. XRD analysis results of the dry 
precipitates matched with the database model given for struvite in terms of position 
and intensity of peaks (data not shown). The produced struvite precipitate for test 
number 9 had a composition 8.3% P and 6.07% Mg for a molar ratio Mg2+:NH4

+: 
PO4

3− 1.5:1:1 at pH 9.0 (Table 5). Struvite formed for the test no. 9 had a signifi-
cantly lower Ca, Al, and Fe content compared to test no. 5.

Heavy metals could be a great concern in agronomic applications if the recov-
ered struvite is applied as a fertilizer. As shown in Table 6, the concentrations of 
heavy metals except for Zn in the struvite produced for test number 9 were below 
detection limits. Although the anaerobically digested sewage sludge had a consider-
ably high Zn content (10960 ± 30.5 mg/kg in Table 1), the Zn value of the produced 
struvite was below the legal limit value (1100 mg/kg).

 Conclusions

PO4
3−, NH4

+, and metals were released from the digested sludge during 0.5M NaOH 
hydrolysis and thermal treatment. The quantity of PO4

3− released depended on the 
temperature and liquid/solid ratio. This study demonstrated that increasing tempera-
ture had a remarkable effect on PO4

3− release when the liquid/solid ratio was under 
the central point. However, the determination of optimum conditions was based 
upon metal release. When the temperature was greater than 40 °C, some metals such 
as Ca, Fe, and Zn were hydrolyzed. Liquid/solid ratio at the central point (10/1) and 
low temperature (<50 °C) is recommended for digested sludge hydrolysis to achieve 
the release of high PO4

3− and low metal content. PO4
3− and NH4

+ recovery as struvite 
with high-quality could be achieved from the hydrolyzed liquid of NaOH and ther-
mal treated digested sludge.
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Evaluation of Contaminant Transport 
Through Alternative Liner Systems 
from Leachate to Groundwater Using  
One-Dimensional Mass Transport Model

Gamze Varank, Ahmet Adiller, Senem Yazici Güvenç, Elanur Adar, 
and Ahmet Demir

Abstract One-dimensional (1D) advection–dispersion transport modeling was 
conducted as a conceptual approach for evaluation of organic (phenolic compounds) 
contaminant transport through alternative liner systems from leachate to groundwa-
ter. In this study, ten identical pilot-scale landfill reactors with different alternative 
composite liners were simultaneously operated for a period of about 290 days. The 
results of 1D transport model showed that the highest molecular diffusion coeffi-
cients for 2,3,4-TCP and 2,3,4,5-TeCP and PCP were determined to be with the 
average values of 54.25 × 10−9, 44.17 × 10−9, and 15.19 × 10−9 m2/sn and the lowest 
molecular diffusion coefficients for 2,4-DCP and 2,3,5-TCP were obtained to be 
with the average values of 1.107 × 10−9 and 1.115 × 10−9 m2/sn approximately in all 
reactor systems. The results indicate that liner systems have no significant effect on 
organic contaminant migration from leachate to groundwater and the dominant 
mechanism in transportation of organic contaminant is molecular diffusion and geo-
membrane layer is ineffective in organic contaminant transport through composite 
liners.
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 Introduction

Landfill technology has gone through significant development. Although municipal 
solid waste (MSW) landfills have evolved from uncontrolled city dumps to highly 
engineered structures in the last several decades, they still pose an environmental 
threat to groundwater resources because of leachate consisting of a wide range of 
toxic inorganic and organic compounds. Contaminants in MSW landfill leachate 
can be classified in groups of dissolved organic matter, inorganic macro compo-
nents, heavy metals, and xenobiotic organic compounds [1]. Researchers have con-
cluded that heavy metal concentrations in landfill leachate are not a major concern 
but the issue of xenobiotic organic compounds (XOCs) is of a great concern although 
XOC concentrations are reported to be very low [1–7]. Phenol and substituted phe-
nols categorized in xenobiotic organic compounds are common transformation 
products of several pesticides. Phenol and many substituted phenols have been des-
ignated as priority pollutants by the US Environmental Protection Agency [8, 9].

Liner system is one of the most important elements of a modern engineered land-
fill [10]. Composite liners consisting of a geomembrane (usually high-density poly-
ethylene (HDPE) 1–2.5 mm thick) overlying a compacted soil liner (0.30–1.5 m 
thick) are the standard design for liner systems in municipal solid waste landfills 
[11]. The predominant pathways for contaminant transport through composite lin-
ers depend on the type of contaminant: (1) inorganic and organic contaminant trans-
port through defects in the geomembrane and through the clay liner by advection 
and dispersion and (2) transport of organic contaminants through the intact geo-
membrane and through the clay liner by diffusion [11–14]. Geomembranes are 
essentially impervious to diffusion of inorganic solutes [15, 16] and liquid flow [17, 
18] but organic solutes can rapidly diffuse through geomembranes [10, 19–23]. 
Moreover, the mass flow rate of organic solutes from defects can be ignored because 
the mass flow rate through an intact composite liner can be several orders of magni-
tude greater than that through defects [11, 14, 24].

Though the geomembrane is believed to be the primary barrier to contaminant 
transport, the clay component usually controls the rate of toxic organic contaminant 
transport since XOCs are shown to diffuse through geomembrane at appreciable 
rates. Additionally, xenobiotic organic compound (XOC) transport is generally 
more critical than transport of inorganic compounds (e.g., toxic heavy metals), even 
though XOCs are often found at lower concentrations in leachates. Since diffusive 
transport is often the dominant mode of contaminant transport through engineered 
barriers including compacted clay liners [25–28] and composite liners [10, 23, 29], 
comparing composite liner systems based on leakage rate may not be sufficient 
unlike the current approach of assuming that an alternative liner is equivalent to the 
prescriptive liner if it discharges less liquid [10, 30].

Equivalency of alternative composite liners can be evaluated by using numerical 
models that represented diffusion through intact composite liners and advection and 
diffusion through defects in composite liners [14, 31]. Diffusion of contaminants 
through porous media is often modeled by numerical methods [32]. Rowe and Booker 
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[33] have developed the finite layer methods, and Leo and Booker [34] developed the 
boundary element method. Foose et al. [31] and Foose [29] used a multiple-layer 
finite-difference model to simulate contaminants’ transport diffusion through com-
posite liners. Although numerical solutions must be used for many transport prob-
lems, people can better understand the mechanism of contaminant diffusion, predict 
the movement of contaminant plumes, measure the field parameters related to con-
taminant diffusion, and verify the results of numerical modeling using analytical 
solutions [35]. Foose et al. [21], Booker and Rowe [36], and Shackelford and Lee 
[37] have provided the analytical solutions of one-dimensional (1D) contaminant dif-
fusion for homogeneous media. Foose [29] has given the analytical solution of 1D 
diffusion for composite liner with semi-infinite bottom boundary, constant concentra-
tion at top boundary, and zero concentration in initial conditions.

This paper presents a systematic and comprehensive approach to determine mass 
transport parameters for phenolic compounds through alternative landfill liners. An 
analytical solution of 1D contaminant diffusion through composite liner systems is 
presented under conditions of steady-state flow. Transport of phenolic compounds 
representing organic contaminants was investigated to determine the transport 
parameters of organic compounds migrating through alternative composite liners 
and assess the applicability of simple diffusion models for the preliminary compari-
son of the performance of different liner systems.

 Materials and Methods

 Reactor Setup and Operation

Ten pilot-scale landfill reactors (R1–R10) were operated for about 290  days to 
investigate diffusive transport of phenolic compounds representing organic contam-
inants in leachate. Reactors were made of HDPE pressurized pipes with a wall 
thickness of 0.005 m, diameter (DR) of 0.40 m, and height (HR) of 0.80 m, respec-
tively. The diameter and the height of the reactors made of HDPE pressurized pipes 
were 40 cm and 80 cm, respectively. The reactors were comprised of two parts: 
consisting leachate in the upper part and distilled water simulating groundwater in 
the lower part. The bottom of the both parts of the reactors consisted of perforated 
pipes inserted to collect samples from leachate and groundwater.

Ten alternatives with different composite liners were employed for the reactor 
liners. The clay material and geomembrane used in this study were obtained from 
Odayeri Sanitary Landfill in in Istanbul, Turkey. Liner systems were constructed at 
the top of the lower part, and groundwater was separated from the liner system by 
screenlike plastic material. The thicknesses of the liners were 20 cm. The total area 
of geomembrane defects was about 1.0% of the surface area of the reactor.

Equivalent hydraulic conductivity (ke) values for the liners consisting of different 
materials with different hydraulic conductivity values were determined by using the 
arithmetic average method proposed by Golan and Whitson [38] and given in Table 1.
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 One-Dimensional Mass Transport Model

Contaminant transport and flow through composite liners are three-dimensional 
(3D) processes [11]. The conceptual approach used herein is to analyze a 1D system 
approximating the 3D system characteristics, as conducted by Foose [11]. In this 
study, the following assumptions are made for the estimation of transport parame-
ters of phenolic compounds [11]:

 1. Porous medium is isotropic and saturated.
 2. Composite liner and underlying geologic layers are horizontal and homoge- 

neous.
 3. Solute transport in the underlying aquifer occurs only via advection; flow in the 

aquifer occurs in one-dimensional motion to the layers and is uniform and steady 
state.

 4. Solute transport in the underlying aquifer occurs only via advection, and Darcy’s 
law is valid.

 5. No contaminant decay occurs in the composite liner and underlying geologic 
layers or aquifer.

Selected parametric values used in 1D advection–dispersion model for the esti-
mation of the transport parameters are given in Table 2.

 Analytical Procedure

All analyses were conducted according to standard methods of APHA [39]. Solid- 
phase microextraction (SPME) method proposed by Ribeiro et al. [40] was used to 
determine concentrations of phenolic compounds in leachate and groundwater 
samples.

Table 1 Liner systems of the 
pilot-scale reactors and 
hydraulic conductivity values 
(m/s)

Reactor Liner ke

R1 %100 clay 6.3 × 10−8

R2 %100 bentonite 2.7 × 10−10

R3 %100 kaolinite 3.2 × 10−7

R4 %100 zeolite 8.8 × 10−8

R5 %50 clay + %50 bentonite 3.16 × 10−8

R6 %50 clay + %50 kaolinite 1.92 × 10−7

R7 %80 clay + %20 zeolite 6.8 × 10−8

R8 %80 bentonite + %20 zeolite 1.78 × 10−8

R9 %90 clay + %10 lime 4.8 × 10−8

R10 %90 bentonite + %10 lime 2.2 × 10−10

G. Varank et al.



91

 Results and Discussion

A simplified one-dimensional (1D) advection–dispersion transport model was read-
ily conducted to simulate transport of organic contaminants existing in leachate 
through alternative landfill liners and the solute as well as to estimate the transport 
parameters of the studied organic contaminants. Molecular diffusion coefficients of 
phenolic compounds are given in Fig. 1.

As can be seen in Fig. 1, the highest molecular diffusion coefficients were esti-
mated for 2,3,4-TCP and 2,3,4,5-TeCP and PCP approximately in all reactor sys-
tems. Average molecular diffusion coefficients of 2,3,4-TCP, 2,3,4,5-TeCP, and 
PCP were determined to be 54.25 × 10−9, 44.17 × 10−9, and 15.19 × 10−9 m2/sn, 
respectively. The lowest molecular diffusion coefficients were estimated for 2,4- 
DCP and 2,3,5-TCP with the values of 1.107 × 10−9 and 1.115 × 10−9 m2/sn. As 
average molecular diffusion coefficients were evaluated based on reactor liner sys-
tems, it can be concluded that no significant differences were obtained. The highest 
average molecular diffusion coefficients were estimated for R2 and R10 with the 
values of 21.28 × 10−9 m2/sn and 15.46 × 10−9 m2/sn. The lowest average molecular 
diffusion coefficient was estimated for R4. For the rest of the reactors, average 
molecular diffusion coefficients were found to be in the range of 5.34 × 10−9 to 
9.64 × 10−9 m2/sn. The results indicate that liner systems have no significant effect 
on organic contaminant migration from leachate to groundwater. Results of the 
study showed that molecular diffusion is the dominant mechanism in organic con-
taminant transport and also geomembrane layer is ineffective in preventing con-
taminant migration.

Table 2 Parametric values used in 1D advection–dispersion model for the estimation of the 
transport parameters

Parameter Value

Head of liquid on the top of the geomembrane (hw) 0.30 m
Thickness of the HDPE geomembrane (Lg) 0.002 m
Thickness of the composite liner (Le) 0.20 m
The quality of the intimate contact between the geomembrane and its underlying 
clay liner (Cf)

0.01

Retardation factor (R)
 Organics
 Inorganics

1.0
2.0

Frequency of geomembrane defects (N) 1
Area of single defect in geomembrane (a) 5 × 10−5 m2

Surface area of the reactor (AR) 0.126 m2
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 Conclusions

In this study, simplified 1D advection–dispersion transport model was performed to 
evaluate organic contaminant transport from leachate to groundwater through com-
posite liners. Ten pilot-scale landfill reactors were operated for a period of about 
290  days to examine diffusive transport of phenolic compounds. Results of the 
study indicated that the highest molecular diffusion coefficients were estimated for 
2,3,4-TCP and 2,3,4,5-TeCP and PCP and the lowest molecular diffusion coeffi-
cients were estimated for 2,4-DCP and 2,3,5-TCP approximately in all reactor sys-
tems. Average molecular diffusion coefficients were found to be in the range of 
54.25  ×  10−9 to 1.107  ×  10−9  m2/sn. As average molecular diffusion coefficients 

Fig. 1 Schematic presentation of diffusion coefficients of phenolic compounds
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were evaluated based on reactor liner systems, results of the study showed that 
molecular diffusion is the dominant mechanism in organic contaminant transport 
and also geomembrane layer is ineffective in preventing contaminant migration. 
Further investigations related with different operating conditions affecting organic 
contaminant transport through composite liners should be conducted.
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An Assessment of Pyrolysis Process 
for the Treatment of Agricultural  
and Forest Wastes

Atakan Öngen, Nazlıcan Karabağ, Selda Yiğit Hunce, 
Hüseyin Kurtuluş Özcan, Emine Elmaslar Özbaş, and Serdar Aydın

Abstract As a result of social and economic activities of people, materials that 
completed useful life that should be removed from the environment we live in are 
classified as waste. Nowadays, except for local uses (burning, warming, etc.), there 
are few uses for general purposes (alternative fuel, etc.). Energy usage and waste 
amount are increasing rapidly with the increase of the population in the world and 
the development of industry and technology. Control of energy consumption and 
waste is crucial for a sustainable future. In this study, the use of pyrolysis for agri-
culture and forest wastes was investigated based on the literature. For this purpose, 
many studies on pyrolysis of organic wastes such as agriculture and forest wastes 
have been compiled and presented on a common basis. The methods followed in the 
selected studies are examined and given in the form of tables under the common 
headings in order that different researchers can reach easily. It has been generally 
agreed that the pyrolysis process, which is considered as an alternative waste man-
agement method, is an energy and environmentally friendly application for waste 
and that this application can be used to reduce waste and recycle waste.

Keywords Pyrolysis · Waste-to-energy · Agricultural waste · Forest waste · Waste 
management

 Introduction

The substances, formed by domestic, commercial, and industrial activities and con-
sidered as useless by the consumer but which are regularly removed or landfilled to 
protect environment and human health, are defined as waste [1].

The need for energy is increasing with the increase in world population. The 
need of energy due to the growing population and industrialization can’t be met by 
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the limited resources of the world, and the gap between production and consump-
tion of energy is growing rapidly. On the other hand, conventional energy produc-
tion methods based on fossil fuels are an important factor in increasing environmental 
pollution. It is a fact that the need for clean energy is significant, that fossil fuels are 
rapidly consumed, and that global warming is an undeniable danger. Decreasing the 
effects of global warming especially caused by greenhouse gas emissions and the 
conversion of these emissions into energy by using smart solutions are significant 
for the welfare of the community [2, 3].

Recently, the energy demand also increases continuously with the increase of the 
population and technological developments. The decline in energy resources, the 
demand for fossil fuel reserves which are limited and reaching the ending point, the 
increment in production costs, and the global warming increase the tendency toward 
alternative energy sources. This trend has also increased the availability of new, 
renewable, and clean energy sources [4, 5].

New and renewable energy sources are mainly categorized as biomass, solar, 
hydraulic, wind, geothermal, tidal, and wave energy, and most of these energy 
sources have been widely used in the world. The most common new and renewable 
energy source is biomass energy [4, 5].

Given the immense potential of biomass, it has an important place among the 
renewable energy sources for the future due to various social and economic bene-
fits [6].

Biomass is defined as all organic matter containing various products, wastes, and 
plants, which can be renewed in less than 100 years, and converting solar energy into 
chemical energy through photosynthesis. Biomass, with an industrial view, is con-
cerned with the acquisition and use of fuel, gas, and chemicals from alive or recently 
dead entities. Biomass includes plants grown to produce biofuels and also organic 
matter and wastes that are used to produce fiber, heat, and chemicals [6–8].

Biomass energy and biomass technology are seen as an appropriate and impor-
tant source of energy and technology due to its advantages because biomass is an 
inexhaustible source, can be grown everywhere, enables energy production at every 
scale, has storage capacity, causes less greenhouse effect than other energy sources, 
does not cause acid rain, provides CO2 equilibrium in the atmosphere, helps socio-
economic development especially for rural areas, needs low light intensity and tem-
peratures between 5 and 35 °C, and also can be used in chemical production, fuel 
production, and electricity generation. By means of these advantages, energy pro-
duction from biomass sources and their share in total energy consumption are 
increased worldwide [7–9].

Energy demand of Turkey is growing rapidly due to increasing population and 
economic growth. Turkey is an energy-dependent country having limited energy 
resources, and for this reason, the needed energy is imported in an expensive man-
ner. According to data provided by the Energy and Natural Resources Ministry, 
Turkey produces only 1/3 of the consumed energy. The external dependency in pri-
mary energy sources is also 72.6% [2].

Due to these reasons, the simplest way of energy conversion from solid organic 
wastes, especially forest and agricultural wastes, is possible by directly burning 
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them. Pyrolysis and/or gasification processes are rapidly developing processes in 
terms of technology and application areas as an alternative to burning, which is 
under criticism due to its known effects on air pollution. By these processes, liquid, 
solid, and gaseous products with economic value can be produced from organically 
rich fuels. For centuries charcoal was produced by pyrolysis; it is also produced by 
gasification, heating the biomass under a certain pressure with air so as not to leave 
anything other than ash and sludge behind.

Biogas (depending on the nature of the organic material and the applied process) 
is a colorless, flammable gas containing 60–70% CH4, 30–40% CO2, and a low 
amount of H2S, N, H, and CO. Biogas as a precautionary move against global cli-
mate change is a significant waste control method; its use in heat and electricity 
production reduces external dependence on energy and contributes to economic 
development [10].

The aim of this study is to investigate the feasibility of pyrolysis of agriculture 
and forestry wastes in order to ensure energy consumption and waste management 
which are very important for a sustainable future. For this purpose, many studies on 
the evaluation of pyrolysis on agriculture and forest wastes have been examined and 
collected under the common titles, thus providing a holistic view for researchers 
working on the subject.

 General Information

 Pyrolysis

Pyrolysis is the phenomenon of decomposition of organic materials in an inert 
atmosphere or vacuum. Pyrolysis is the process of thermal decomposition of organic 
materials by heating them in an oxygen-free environment at temperatures between 
300 and 900 °C and the formation of gas, solid, and liquid products as a result of this 
decomposition [11, 12]. While at low temperatures, there is a tendency to produce 
wood charcoal, the tendency to form gaseous products increases as temperature 
increases. Pyrolysis is a kind of hydrocarbon recycling process in which solid, liq-
uid, and gaseous products can be obtained [13]. It is important to separate pyrolysis 
from gasification. Gasification breaks down biomass with synthesis by carefully 
controlling the amount of oxygen present [14]. Pyrolysis has advantages compared 
to direct burning such as low transportation and storage costs and production of high 
energy-density products, and these advantages increase the usage area [15].

The main products of pyrolysis are pyrolysis gas, semicoke, and oil. Gas and 
semicoke can be removed or burned as fuel. Oil can be used as fuel or as a raw mate-
rial for the chemical industry.

Pyrolysis of wastes can also be considered highly environmentally friendly in 
terms of heat and power generation in turbines, obtaining gas and fuel for turbines, 
green energy, electricity production, and raw material production.

An Assessment of Pyrolysis Process for the Treatment of Agricultural and Forest Wastes
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 Potential of Agricultural Wastes

The agricultural sector has a great importance for Turkey in terms of providing 
input to industry, improving export, and creating new job opportunities. Although 
the sector is economically and environmentally so important, agricultural waste 
cannot be fully utilized in Turkey due to disposal, collection, transportation, and 
labor costs. Agricultural wastes remaining in the field after harvest in Turkey are 
being left to decay or are burned by farmers. Energy demand is met by imports in 
Turkey instead of recycling waste and waste resources and developing new tech-
nologies for this purpose. This energy import has a negative contribution to the 
country’s economy [3–16].

With the use of biomass energy, low-cost and environmentally less harmful pro-
duction which is the main basic of renewable energy production is provided with the 
best utility and higher quality. Advantages of biomass and energy production from 
agricultural wastes are known as the increase in crop production, the increase in the 
economic and environmental impact of rural areas, and the increase in social wel-
fare in rural areas. Biomass energy has also importance in terms of being one of the 
best ways to obtain energy in our agriculturally rich country [8].

Our country has agriculturally very fertile regions such as Central Anatolia, 
Southeastern Anatolia, and Çukurova. After the production of cereals and seeds 
obtained from these areas, the remaining parts of the plants are burnt or are remained 
under the soil. Our country is located in a region which has a significant agricultural 
waste potential such as wheat, cereal stalks, barley, hemp stalks, and other 
 agricultural wastes. Figure 1 displays the main amounts of agricultural wastes in our 
country [17].

Wheat straw
Barley straw
Oat straw
Rye straw
Sunflower shell
Sugar cane waste
Nut shell
Corn stalk
Cotton flower shell

Fig. 1 The main agricultural waste amounts in Turkey [17]

A. Öngen et al.



101

 Potential of Forest Wastes

Forest waste is an important biomass resource to produce energy due to its chemical 
structure (Figs.  2 and 3). Turkey has a great chance to produce bioenergy as an 
alternative energy resource to improve national economy with its approximately 
7 × 106 m3 biomass potential [18].

A significant portion of the total annual energy available from biomass in the 
world is produced from forest wastes. The potential of the forest and agricultural 

Eastern Black Sea

Western Black Sea

Central and Western
Anatolia

Mediterranean and
Southeastern Anatolia

Aegean

Fig. 2 Distribution of biogas energy potential of agricultural wastes according to geographical 
regions of Turkey [19]
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areas of our country is displayed in Fig. 4. It is known that significant quantities of 
biomass production are obtained from these areas and considerable quantities of 
waste are formed after the obtained products are evaluated in their primary use 
fields [17] (Fig. 5).

 Assessment of Pyrolysis Process for Agricultural Waste 
and Forest Waste

When the relevant literature is examined, it is revealed that pyrolysis method is a 
frequently used method in the management of agricultural and forest wastes. There 
are many studies related to these management alternatives.

In the management of agricultural wastes by pyrolysis method, Önal and Pütün 
[20] employed rapid pyrolysis on tobacco field wastes and aimed to produce artifi-
cial fuel. Pyrolysis process was carried out at different temperatures and different 
nitrogen gas flow rates, and the effect of pyrolysis temperature and nitrogen flow 
rate was determined on the yield of pyrolysis products.

The highest liquid product efficiency was obtained as 32.63% by mass with a 
heating rate of 500 °C/min at a pyrolysis temperature of 550 °C and at a nitrogen 
flow rate of 200 mL/min. It has been revealed that the final liquid product may be an 
input for chemical industries and may also be regarded as synthetic liquid fuel.

In another study, Poyraz [21] performed pyrolysis of cotton field wastes at differ-
ent temperatures and different nitrogen gas flow rates and determined the effect of 
pyrolysis temperature and nitrogen flow rate on the yield of pyrolysis products. The 
highest liquid product yield was achieved as 26.0% at a pyrolysis temperature of 
550 °C and a nitrogen flow rate of 100 mL/min. It was concluded that this slow 
pyrolysis (5 °C/min) provides optimum pyrolysis conditions for the average 1.33 mm 
particle size of the cotton stalks at 550 °C, 100 mL/min nitrogen gas flow rate.

Aboagye et al. [22] determined the rapid pyrolysis of the orange shell wastes 
from the fruit processing industries in Ghana was sufficient to meet the expected 
fuel demand from 2020 to 2030 and calculated the potential yield of biofuels. The 

Fig. 4 Agriculture and forest areas of Turkey [17]
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study found that these wastes would cover a large part of the country’s fuel needs 
for 2020 and 2030.

Soysa et al. [23] pyrolyzed the Ceylon waste tea in order to produce biological crude 
oil. Pyrolysis was carried out at various pyrolysis reaction temperatures, and optimum 
mass and energy yields were calculated for biological crude oil production. While the 
reaction temperature was 500 °C, the biological crude oil has had the highest energy 
efficiency with the highest thermal value of 3725 kcal/m3 and 36.8% water content.

Lee et al. [24] aimed at energy recovery and biofuel production by pyrolyzing 
agricultural wastes that use CO2. It was focused on N2 and CO2 characterization of 
produced biochar. In the pyrolysis of the red pepper stalk, CO2 has caused the pro-
duction of synthesis to be increased, thus reducing tar production.

Hawash et al. [25] conducted pyrolysis of some different agricultural wastes in 
their study and examined the formation quantities, the content, and the quality of 
each produced liquid and solid products. Some agricultural wastes, jatropha seed, 
cake, olive oil, peach kernel, and Spirulina microalga species, were used as raw 
materials. Experimental results show that the jatropha seeds have the highest biofuel 
weight percentage and highest calorific value and that the history stone produces the 
highest solid product percentage with the highest calorific value.

Kung et al. [26] examined the feasibility and application of pyrolysis and biochar 
applications in China to understand the issues of bioenergy production, agricultural 
cost savings, and atmospheric quality enhancement. A great number of agricultural 
and animal wastes have been analyzed and quantitative measures have been pro-
vided for economic and environmental benefits. The results show that pyrolysis 
yields of both slow and rapid pyrolyzed agricultural wastes provide the greatest 
economic benefit, but animal wastes reduce greenhouse gas emissions.

When the studies about forest waste management by pyrolysis method were exam-
ined, it is seen that Yılgın et al. [27] investigated the flash pyrolysis of wood species 
such as oak, pine, and poplar at different temperatures. Also the effects of temperature 
on grain size and wood type were analyzed on the yield of obtained liquid and other 
products. As a result, the liquid product can be obtained from the pyrolysis of the wood, 
and it is possible to select a sudden heating and short residence time to increase the 

Fig. 5 Annual biomass potential of Turkey [17]
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amount of liquid product. It is concluded that the increase in pyrolysis temperature 
resulted in an increase in the amount of liquid product and a decrease in the amount of 
solid product. In addition, the high lignin content in the wood composition results in an 
increase in grain size and increase in the yield of the solid product.

Erşen et al. [28] investigated the pyrolysis of pine wood powder with high- density 
polyethylene (HDPE) separated from household plastic waste. The effects of different 
pyrolysis parameters (heating rate, final temperature, sweeping speed, mixing ratio) 
on the yields of the obtained products were determined. The highest solid yield was 
obtained at a heating rate of 1 °C/min with a nitrogen flow of 10 mL/min and a pyrol-
ysis temperature of 500 °C. The highest liquid yield was obtained at a heating rate of 
5 °C/min in a nitrogen free environment and at 700 °C pyrolysis temperature.

Özçifçi et al. [29] evaluated the yellow pine wood flour as a biomass source and 
investigated the effects of parameters such as temperature and catalyst type on the 
yield of pyrolysis products in the experiments. As a result, it has been determined 
that temperature and catalyst type are effective parameters in solid, liquid, and gas 
product yields. It has been ascertained that the efficiency of liquid and gaseous 
products increases with the increase in temperature and the yield of solid product 
decreases and all the catalysts used decrease the yield of liquid product.

In another study, Duranay and Yılgın [30] examined the effect of different biomass 
samples (orange shell, apple bark, poplar wood, poplar wood shavings, and walnut 
shells) on pyrolysis product yields. Biomass type has been found to be effective on 
pyrolysis product yield. It has been found that the yield of the liquid product is high 
in the wood pellet and product of the poplar tree leaf having high ash content.

Demiral et al. [31] have performed Cr(VI) removal by adsorption from aqueous 
solutions using activated carbon of the olive residue pyrolysis solid product obtained 
by water vapor activation method at 850 °C. As a result of the experimental studies, 
Cr(VI) adsorption was maximum when the initial pH value was 1.5. When the 
results obtained were evaluated, it was found that the activated carbon obtained 
from solid product of olive residue pyrolysis was an effective adsorbent for Cr(VI) 
removal from aqueous solutions.

Solar et al. [32] investigated the effect of temperature and residence time on the 
quality of wood obtained in the pyrolysis of biomass waste. The peak temperature 
had an effect on the yield and composition of the pyrolysis fractions but greater 
variations in yield and composition in pyrolysis products were observed at 
900 °C. The higher peak temperature resulted in the higher quality of wood char-
coal, but the pyrolysis solid product yield decreased.

On the other hand, Carrasco et al. [33] have demonstrated that as a result of tech-
nological economic analysis of liquid fuels produced from forest wastes, this waste 
can be used as feedstock for pyrolysis to obtain composition of hog fuel (sawdust, 
bark, and secondary woody residue produced from milled by-products such as saw-
dust) and product yields.

The biomass is converted to bio-oil, solid residue, and gas with 17% energy 
requirement in pyrolysis reactor with 61%, 24%, and 15% efficiency, respectively. 
The final mass yield of gasoline/diesel hydrocarbons was 16% with 40% energy 
yield based on dry biomass, and this yield represented a fuel production of 51.9 gal-
lons per dry metric ton of raw material.
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 Conclusions

In this study, the applicability of pyrolysis of organic wastes and product efficiency 
have been researched and compiled in the light of relevant literature. The compiled 
results are given below.

• In the studies on the evaluation of agricultural wastes, pyrolysis process has been 
carried out in the temperature range of 220–700 °C, and it has been reported that 
the temperature significantly affects the pyrolysis efficiency. It has been also 
noted that the increase in temperature increases yield of liquid and gaseous prod-
ucts and decreases the solid residue amount.

• The flow rate of the inert N2 gas is ranged from 50 to 400 mL/min in literature 
data, and the increase in flow rate increases the yield of liquid and gaseous prod-
ucts and decreases the amount of solid product.

• Particle sizes have been reported between 0.225 and 13 mm in relevant studies, 
and it has been assessed that the higher efficiency is observed when the particle 
size is smaller.

• Calorific values of agricultural wastes vary between 3580 and 9080 kcal/kg. The 
utilization of agricultural wastes with high calorific value by pyrolysis method 
can be considered as a quite efficient waste management alternative.

• Pyrolysis process has been carried out in the temperature range of 300–900 °C 
for forest wastes, and it has been reported that the pyrolysis around 900 °C yields 
the highest efficiency. The yield of liquid and gaseous products is increased with 
the increase in temperature, and the amount of solid residue is very small.

• Particle size affects the efficiency of pyrolysis process. Thermal degradation of 
organic materials with particle size between 0.850 and 13  mm may achieve 
higher calorific values up to 7714 kcal/m3.

• There are also studies where the flow rate of the inert N2 gas is chosen to be 
105,000 mL/min. As the flow rate increases, the yield of liquid and gaseous prod-
ucts increases and the amount of solid product decreases.

• Products with economical value can be obtained by the pyrolysis process from 
the organic matter and/or wastes, and it is an effective method in reaching the 
targets of “minimization and reduction” in waste management.

• The operational parameters such as temperature, heating rate, agent gas flow, 
particle size, and reactor type have significant effects on pyrolysis process. 
Therefore, the need for future studies on identification of system performances 
depending on changing conditions of each parameter is inevitable in order to 
ensure widespread use of pyrolysis as a waste management alternative.

An Assessment of Pyrolysis Process for the Treatment of Agricultural and Forest Wastes
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 Discussions and Recommendations

The energy demand has also increased with the growth of population and technol-
ogy in the world. Turkey is one of the countries experiencing the energy demand 
problem and importing a large part of its energy. A large part of this need will be met 
in economically and environmentally friendly way by the use and development of 
new and renewable energy sources. These renewable energy sources will also ben-
efit globally by reducing global warming, desertification, greenhouse effect, and the 
disappearance of endemic plant species.

In this study, recycling of agriculture and forest wastes by pyrolysis was investi-
gated based on the literature, and a number of studies about the use of pyrolysis 
process for organic wastes such as agriculture and forest wastes have been collected 
and presented in a common basis. The methods used in the selected studies are 
examined and given in the form of tables under the common headings in order to be 
easily accessible by different researchers. It has been generally agreed that the 
pyrolysis process, which is considered as an alternative waste management method, 
is an energy and environmentally friendly application for waste and that this appli-
cation can be used to reduce waste and recycle waste.

The methods followed by selected studies were reviewed under common head-
ings and given in tabular forms in order to be clear and comprehensible to the 
researchers. A general point of view has been reached that the pyrolysis process, 
which has been accepted as an alternative waste management method, is an environ-
mentally friendly process for wastes and that this application can be used for waste 
reduction and waste utilization. Use of energy carriers such as biomass as a renew-
able energy source to produce energy and valuable by-products will help in the 
management of organic wastes and will be an environmentally benign processing 
and sustainability approach for the future.
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Abstract Pressure management is one of the most effective methods for water loss 
reduction. Pump used in turbine mode (pump as turbine, PAT) is a viable option for 
reducing excess water pressure, water losses, and pipe failures in water distribution 
networks in addition to energy production at microscale. In this study, a PAT system 
recently installed in Antalya City of Turkey is presented, and its performance is 
evaluated for its initial operational period of approximately 5 months. This full- 
scale PAT system was implemented in a parallel pipeline with a pressure-reducing 
valve (PRV). The operation of the PAT system was continuously monitored online 
for flow rate, power, and pressure levels. The PAT system proved to work efficiently 
in a wide range of inflows (130–300  m3/h) where the produced energy varied 
between 0.7 and 8.4 kWh for a reduction of approximately 1 bar pressure head with 
an average efficiency of 60%. Environmental benefits of green energy production, 
reduction in physical water losses, and carbon dioxide emissions were evaluated. 
The payback period of the PAT application was computed as 53 days based on the 
costs and revenues of the PAT application.

Keywords Energy recovery · Water supply · Urban network · Pump

 Introduction

Safe water supply is among the priority tasks of municipalities and water utilities. 
However, sustainability of water supply systems (WSSs) is an important issue 
besides continuous and hygienic supply of water. Within the context of sustainable 
WSS, improvement of energy efficiency, reduction of energy, and water losses in 
addition to reduction of greenhouse gas (GHG) emissions are of great concern. 
High amounts of energy are consumed and GHG emissions are encountered during 

A. Muhammetoğlu (*) · H. Muhammetoğlu 
Department of Environmental Engineering, Akdeniz University, Antalya, Turkey
e-mail: aysemuh@akdeniz.edu.tr; muhammetoglu@akdeniz.edu.tr

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95888-0_10&domain=pdf
mailto:aysemuh@akdeniz.edu.tr
mailto:muhammetoglu@akdeniz.edu.tr


114

water abstraction, treatment, transmission, and distribution stages. Pressure in water 
pipes is one of the main design parameters for WSSs where it is controlled by upper 
and lower limits. Excess pressure usually occurs during water transmission from 
high elevations of water resources to low elevations, and this high water pressure 
has to be reduced. Excess pressure at transmission lines is commonly reduced using 
traditional techniques including break pressure tanks, water storage tanks, or 
pressure-reducing valves (PRVs). However, a more sustainable technique of energy 
recovery from excess pressure is possible by using turbines. Applications of turbines 
for energy production at water transmission lines are available at many countries 
such as the United States, Canada, Honduras, Switzerland, Austria, and Italy.

One of the main factors causing leakage and pipe failure in water distribution 
networks (WDNs) is the excess pressure. An increase in the water pressure always 
implies an increase of leakage from the holes and cracks of the network. 
Consequently, pressure management is the most important and commonly applied 
action for physical water loss reduction [1–4]. Commonly, the excess pressure in 
WDNs is controlled and reduced to optimum operational levels by the use of PRVs 
at selected locations without any power generation. However, both pressure 
reduction and energy production from the available excess water pressure could be 
achieved by the use of turbines or pumps as turbines (PATs). In the literature, mainly 
two alternative schemes were proposed for hydropower generation in WDNs: only 
PAT [5] or combined PAT and PRV [6–8]. The PAT systems mainly include a 
centrifugal water pump, operated in reverse mode, and a synchronous electrical 
generator with constant rotational speed to produce energy. There are several 
advantages for using PATs instead of turbines: (1) PATs are usually cheaper than 
turbines, (2) turbines are usually designed specifically for application sites, (3) PATs 
are usually maintained easily from the market for different power and flow rate 
requirements, and (4) spare parts of PATs are easily available. The main reported 
disadvantage of PATs is the lower efficiencies compared with turbines. PATs 
contribute to water saving in WDNs by reducing leakage due to pressure reduction, 
besides energy production and reduction of GHG emissions [6]. In this respect, 
energy production in WDNs is widely discussed in the literature [9–12]. Energy 
production potential in WDNs is usually at microscale (<100 kW). Due to their low 
operational and capital costs, use of PATs is commonly advised [13, 14].

Due to the increasing global awareness on the adverse impacts of high energy 
consumption and GHG emissions on climate change, all sectors are usually forced 
to reduce their energy consumptions and GHG emissions. Metropolitan cities have 
priorities to accomplish sustainable WSSs and to take precautions to limit the GHG 
emissions [15]. Consequently, optimization of energy in water supply sector has 
gained an increasing interest [16], and several research studies were conducted to 
evaluate the technical and economic feasibilities for energy recovery in WSSs. 
Some of the presented cases for leakage reduction and energy production indicate 
good opportunities for actual implementations with relatively short payback periods 
and environmental benefits [17, 18]. As an example, the PAT systems at pico scale 
(<4 kW) were recommended as viable options with payback periods of 4–22 months 
[19]. Turbines generally have very high efficiency levels, while efficiency of the 
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PAT systems could be raised up to 85% [13]. One of the main challenges related to 
the PAT systems is the variations in the flow rates where the systems are claimed to 
be sensitive to medium and high flow rate variations as discussed by several 
researchers [5, 6, 19, 20]. Theoretical, experimental, and numerical investigations 
are presented for possible applications of micro-hydropower and PAT systems. 
Moreover, several research studies are focused on the design of the PATs; analysis 
of cavitation, force, and efficiency; comparison of the conventional turbines with 
the PATs; and cost analysis for evaluating economic feasibility [14, 21]. To the best 
of authors’ knowledge, there is no published full-scale application of the PAT 
systems in WDNs for water loss reduction and energy recovery [7]. The following 
sections present design details, installation scheme, and initial operational results of 
a full-scale PAT system installed at Antalya City of Turkey. This innovative system 
was installed on a bypass line and in parallel with a PRV. The performance of the 
installed PAT system was continuously monitored by online measurement equipment 
for flow rate, power, and pressure levels at upstream and downstream of the PAT. The 
PAT system proved to work effectively in a wide range of inflows (130–300 m3/h), 
while the produced energy varied between 0.7 and 8.4 kWh for the reduction of 
approximately 1 bar pressure head.

 The Case Study

 Site Selection

The full-scale PAT system was implemented at a pilot study area (PSA), namely, 
Aksu district WDN of Antalya Metropolitan City, located at the south of Turkey. The 
PSA was selected by close cooperation with Antalya Water and Wastewater 
Authority (ASAT) and was evaluated to have excess water pressure and frequent 
pipe bursts. The WDN data sets such as elevations, coordinates, lengths, diameters, 
types, and ages of the pipes besides locations of service connections and valves 
were obtained from ASAT and verified on site. The main components of the PSA 
with digital elevation model (DEM) are depicted in Fig. 1.

The population of the study area is approximately 25,000 people, while the total 
length of the WDN is approximately 80  km. A supervisory control and data 
acquisition (SCADA) station is located at the entrance to the PSA where continuous 
online measurements of flow rate and pressure are realized and the measured data 
sets are recorded at the headquarters of ASAT. The existing water pressures at the 
entrance to the PSA were always in the range of 3–5 bars. The measured flow rates 
in 2015 demonstrated a wide variation where the minimum, the mean, and the 
maximum values were 130  m3/h, 252  m3/h, and 552  m3/h, respectively. The 
occurrence of the maximum flow rate was a very rare condition that lasted shortly 
due to pipe breaks. Additionally, the minimum flow rate occurred for very short time 
periods, which was mainly due to some interventions in the WDN for maintenance 
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and repair. The topography of the PSA exhibits wide spatial variations, between 3 
and 90 m above the mean sea level, and this situation causes high variations in the 
pressure levels in the WDN. Due to the high variation of topography in the PSA, a 
booster pump is operated mostly in summer months to supply water to high 
elevations whereas a PRV is continuously operated to reduce excess water pressure 
at lower elevations. The excess water pressure level to be reduced by the PAT system 
was determined approximately as 1 bar as obtained by the results of the hydraulic 
modeling study carried out for the PSA besides the technical advice of ASAT [7].

 Initial Setup and Test Operations at Lab

The initial setup and test operations were accomplished at the research and develop-
ment laboratory (R&D lab) of the manufacturer factory of the PAT (Fig. 2). The PAT 
system was designed in parallel with a PRV to maintain the continuous and constant 
reduction of approximately 1 bar water pressure for this specific application. Various 

Fig. 1 Main components of the pilot study area (PSA) with digital elevation model [8]
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flow rates and inlet pressure levels were tested for about 3 months. Consequently, 
the head, power, and efficiency curves of the PAT were prepared (Fig. 3). Based on 
the flow rate data sets of the PSA in Antalya, the PAT system was designed to oper-
ate between 130 and 330 m3/h. According to the R&D lab tests, the PAT system 
could generate 0.2 kWh energy at 128 m3/h flow rate and 6.2 m net head, while it 
could generate 9.6 kWh energy at 308 m3/h flow rate and 17.9 m net head. The PAT 
system was designed and tested to operate at highly varying inflows and pressure 
levels.

 Field Installation and Operation of PAT

The full-scale installation of the PAT system was designed on a separate bypass line 
of the main pipe where the total flow rate could be directed to the bypass line using 
the existing control valve on the main pipe (Fig. 4).

Two additional isolation valves were installed at the inlet and the outlet of the 
bypass line in order to stop operation of the PAT system when needed. The cross- 
sectional view of the bypass line for the installed PAT system and the PRV is pre-
sented in Fig. 5. The pipe diameters are 650 mm for the main pipe and 250 mm for 
the bypass line. The installed PAT system, shown in Fig. 6, consists of the following 
equipment: a PAT (10 kW capacity), a synchronous alternator (11 kVA, 750 rpm), a 
flow modulated actuated valve, an electronic load controller, a PRV, online mea-

Fig. 2 The initial setup and test operations at the research and development laboratory
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Fig. 3 Head, power, and efficiency curves of the PAT designed for the PSA [7]

Fig. 4 Installation scheme of bypass line for the PAT and PRV [7]
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Fig. 5 Cross-sectional view of the bypass line for the installed PAT system and PRV [7]

Fig. 6 Photographs of the installed PAT system [7]
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surement equipment (electronic flow meter, pressure transmitters), data loggers, 
two control panels with display screens, and dummy load to absorb the remaining 
energy.

The synchronous alternator converts the mechanical energy produced by the PAT 
into electrical energy. A voltage regulator is installed to maintain a constant voltage 
from the alternator. The actuated valve is controlled by the control panel, and it 
receives a signal to close partially when the rotational speed exceeds 750 rpm in the 
alternator. Conversely, a signal is sent to open the valve more if the inflow is low. 
Switches mounted on the valve are used to control the valve position. This valve is 
controlled by the rotational speed of the alternator and the total energy consumed. 
The panels control the production and consumption of electricity from the PAT 
system. They prevent the overload on the PAT and also distribute the electricity in 
between the loads. The control panel is connected to an electronic load controller 
(ELC), and it continuously monitors the speed, frequency, and voltage to maintain 
high-quality power generation. Detailed information about the system components 
were presented elsewhere [7]. The full-scale PAT system was in operation starting 
from January 26, 2016.

 Energy Recovery Analysis

Generated power from hydroelectric turbines or PATs could be calculated using 
Eq. 1 where the notations are as follows: P, power (watt); Q, flow rate (m3/s); ρ, 
density of water (kg/m3); g, acceleration due to gravity (m/s2); H, available head 
(excess pressure) (m); and eo, total efficiency of power generation system. Total 
efficiency includes all losses from conversion of kinetic energy into mechanical 
energy such as turbine/PAT losses, energy conversion, and distribution [22].

 P Q g H e= ρ o  (1)

The performance of the installed PAT system was continuously monitored by the 
online measurement of the flow rate, power production, and pressure levels at 
upstream and downstream of PAT. The installed system operated efficiently under the 
highly varying flow rates and pressure levels, and the automation system of PAT was 
able to manage with all the operational conditions. The continuous online flow rate 
and the pressure measurements from the SCADA station, located at the downstream 
of the PAT system, are presented in Fig. 7 for the period of December 17, 2015, till 
June 14, 2016 (1 month before the operation of the PAT in addition to about 5 months 
in operation). Within this period, there were even a few occasions when water was 
cut for some construction and maintenance works and the installed PAT system was 
automatically off-line and online without any personal intervention. There were no 
complaints from the water subscribers in the PSA regarding the reduction of the 
water pressure. The pressure values, measured continuously at the upstream and 
downstream of the PAT system, are presented in Fig.  8. Continuously measured 
hydropower production from the installed PAT system is presented in Fig. 9.
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Fig. 7 Flow rate and pressure values at the PSA before and after the operation of PAT [8]

Fig. 8 Pressure values measured at upstream and downstream of PAT system [8]

Fig. 9 Continuously measured hydropower production from the installed PAT system [8]
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With the reduction of the pressure, a significant reduction was observed in the 
measured flow rates as well. Before the operation of the PAT system, the average 
flow rate was calculated as 293 m3/h for an approximate period of 1 month (between 
December 17, 2015, and January 25, 2016). However, the average flow rate reduced 
to 190 m3/h during the first operational period of approximately 5 months (between 
January 26, 2016, and June 14, 2016). The observed reduction in the flow rates was 
due to the pressure reduction in the WDN which was highly effective to reduce 
physical water losses. In order to estimate the reduction of the physical water losses 
in the PSA due to the operation of the PAT system, water consumption in the PSA 
was assumed to be similar for the years 2015 and 2016. Consequently, the differ-
ence between the flow rates was taken as the reduction in the physical water losses, 
i.e., water saving. The flow rate values, continuously measured online at the SCADA 
station for the years 2015 and 2016 for the period between January 1 and June 14, 
were compared. During this period, reduction in the physical water losses in the 
PSA was estimated at about 59 m3/h. Within the same period, the average and maxi-
mum flow rates that passed through the installed PAT system were 169 m3/h and 
289 m3/h, respectively. The frequencies were 90.89% and 4.83% for flow rate values 
between 130  m3/h and 210  m3/h and above 210  m3/h, respectively. Within this 
period, the average and the maximum values of the hydropower production were 
2.7 kW and 8.4 kW, respectively. The frequencies were 92% and 58% for the hydro-
power production values between 1-5 kW and 2-4 kW, respectively. Furthermore, 
the efficiency of the installed PAT system was evaluated, and the computed effi-
ciency values for a period of 1 week (between May 25 and June 2, 2016) are pre-
sented in Fig. 10 as an example.

The efficiency of the PAT system demonstrated a high variation and the average 
efficiency was determined as 60%. The frequency was 77.14% for efficiency values 
between 50 and 80%. The efficiency levels below 40% or above 80% were less 
frequent. The installed PAT system was designed to operate for flow rate values 
between 130 to 330 m3/h and when the flow rate was less than 130 m3/h, the effi-
ciency of the PAT system was very low (<10%). In general, the power and efficiency 
values obtained from the full-scale application of the PAT system were consistent 

Fig. 10 Efficiency of the installed PAT system and its variation with flow rate [8]
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with the characteristic curve of the PAT. The installed full-scale PAT system was 
observed to work efficiently and without any failure for highly varying operational 
conditions, with respect to flow rate, pressure, and even interruptions due to the 
maintenance and repair of the WDN.

 Cost-Benefit Analysis

The implementation cost of the PAT system, with 10 kW capacity, includes electri-
cal and mechanical equipment, construction costs for the underground bypass room 
and the aboveground protection house, and assembly and installation of all electri-
cal and mechanical parts. The costs were presented in Table 1 for the main compo-
nents, based on the real local prices in Turkey. Environmental benefits of the PAT 
system were evaluated in four major groups: (1) green energy production by the 
PAT system by reducing the excess pressure, (2) reduction in carbon dioxide (CO2) 
emissions due to the green energy production, (3) water saving in the WDN due to 
the reduced pressure and the physical water losses, and (4) energy saving and CO2 
emission reductions from the transmission and distribution of the saved water. The 
reference value of CO2 emission for energy production in Turkey was estimated at 
0.53426 kg CO2/kWh as an average value [23]. The revenues of the direct economic 
benefits were estimated/computed based on the local and national economic values. 
The electricity tariff for municipal use in Turkey was taken as 0.1269 Euro/kWh 
including all taxes. The energy consumption for transmission and distribution of the 
drinking water in Antalya City WSS was estimated at 0.67 kWh/m3. The average 
water tariff of 0.50 Euro/m3, applied by ASAT for the water subscribers in Antalya 
City, was considered. The payback period was calculated by dividing the total 
implementation cost by the total amount of revenues, as presented in Table 2. All the 
direct economic benefits and their revenues were evaluated for the period between 
February 1 and June 13, 2016, which covered 133  days of operation. The total 
revenue for this period was approximately 95,391 € or 717 €/day, and the payback 
period was computed as 53 days or 1.8 months. The considerably short payback 
period in this specific application was mainly due to the high revenues obtained 
from the water savings.

Table 1 Implementation cost of the installed full-scale PAT system [8]

Items Cost (€)

Construction costs 8,450
Mechanical installation of PAT system 5,050
Cost of PAT system (generator, ELC panel, hydraulic unit, display panel, three data 
loggers, two pressure sensors)

15,680

Other mechanical equipment (PRV, valves, electromagnetic flow meter, all pipe 
fittings)

9,030

Total cost 38,210
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The installed PAT system proved to be efficient in reducing water pressure and 
leakage and producing energy. However, there are still some challenges related to 
the operation of the full-scale PAT system: (1) the efficiency of the PAT system 
reduces considerably with the reduced flow rate, (2) the optimum design of the PAT 
system depends on the levels of the flow rates and the pressure levels, and (3) 
Produced electricity from the PAT system needs to be consumed immediately on-
site for operational control.

 Conclusion

One of the challenging operational problems of WDNs is water loss which is mainly 
due to excess water pressure. Consequently, different types of PRVs are commonly 
installed at WDNs for pressure management to reduce excess pressure and water 
losses. However, PAT is an alternative system that improves efficiency of WDNs by 
reducing pressure and water losses besides producing energy at the same time. 
Theoretical PAT systems are widely discussed in the literature for their advantages, 
disadvantages, operational difficulties, and technical and economic feasibility com-
pared with PRVs. In this study, implementation and operational performance of a 
full-scale PAT system in Antalya City WDN in Turkey were presented. To the best 
of authors’ knowledge, there is no full-scale application of PAT systems in WDNs 
for water loss reduction and energy recovery [7]. The performance of the installed 
PAT system was continuously monitored by online measurement equipment for 
flow rate, power, and pressure levels. The PAT system, being in operation since 
January 2016, works efficiently in a wide range of inflows (130–300 m3/h), while 

Table 2 Environmental benefits and revenues of the installed PAT system [8]

Main groups
Environmental 
benefit Revenue (€)

Energy production by the installed PAT system 8,599 kWh 1,091
Reduction of CO2 emissions due to energy production of 
8599 kWh

4,594 kg CO2 
reduction

–

Water saving due to pressure reduction by the installed PAT 
system

188,600 m3 94,300

Energy saving from transmission and distribution of water 
(due to water saving of 188,600 m3)

126,362 kWh a

Reduction of CO2 emissions from energy saving of 
126,362 kWh

67,510 kg CO2 
reduction

–

Total revenues of environmental benefits for 133 days of 
operation

95,391 €

Revenues from environmental benefits for each day of 
operation

717 €/day

Payback period (days) 53
aThe revenue for energy saving from transmission and distribution of saved water (126,362 kWh) 
was already accounted in the water saving revenue
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the produced energy varies between 0.7 and 8.4 kWh for a reduction of approxi-
mately 1 bar pressure head with an average efficiency of 60% and a payback period 
of 1.8 months. Implementation of PAT system leads to many further environmental 
benefits and operational advantages such as reducing CO2 emissions and 
improvement of energy efficiency for sustainable management of WDNs; reducing 
number and frequency of pipe failures and bursts; reducing time, money, and efforts 
spent for maintenance and repair of pipes; improving water supply services by 
reducing the frequency of interventions; improving satisfaction of water subscribers; 
and also delaying the need for new water supply projects. However, there is a need 
for further studies to improve efficiency of PAT systems at fluctuating flow rates and 
to design PAT systems with a frequency regulator for operating at variable rotational 
speeds.
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Abstract Although carbon dioxide (CO2) in the air is at a low level (between 0 and 
0.03%), the concentration of it is significantly higher in industrial regions. The CO2 
concentration in the atmosphere increases 2–3  ppm every year because of the 
burning of fossil fuels. Global studies have focused on reducing the carbon dioxide 
level to the minimum limit (450 ppm) by reducing CO2 emissions 50–80% by the 
year 2050. In this study, in order to minimize the CO2 levels in the Aliağa and 
Atatürk industrial districts in Izmir, Turkey, S. elongatus from cyanobacteria were 
isolated from the Gölcük Lake in Ödemiş, Izmir, and were used to produce 1-butanol 
from CO2 via photosynthesis as a fuel source, instead of gasoline, for cars. The 
maximum 1-butanol concentration produced was 79 mg/L, and the 1-butanolproduced/
CO2utilized efficiency was 87.6% in the S. elongatus species isolated from the Gölcük 
Lake at a temperature of 30 °C, at 60 W light intensity, at pH = 7.1, at 120 mV redox 
potential, at a flow rate of 0.083 m3/min using CO2 from the Aliağa industrial region, 
and at 0.5 mg/L dissolved O2 concentration. The maximum 1-butanol concentration 
produced was 59 mg/L, and the 1-butanolproduced/CO2utilized efficiency was 67.9% in 
the Atatürk industrial district due to low levels of polluted air in this region. In order 
to produce 10.000 m3 1-butanol from 1000 g/L CO2, the cost was calculated as 0.13 
euro, while the addition of plasmid increased the cost to 0.66 euro to produce 
10.000 m3 1-butanol.
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 Introduction

Global climate change and an increase in greenhouse gas emissions, as well as the 
depletion of conventional fuel reserves, have become a growing concern over the 
years. The combustion of coal, oil, and natural gas emits more than six billion 
tonnes of CO2 annually in the atmosphere [1]. The United Nations promoted the 
Kyoto Protocol (1997) with the objective of reducing greenhouse gases such as 
CO2, CH4, SO2, and NO2 by 5.2% on the basis of the emission in 1990, and more 
than 170 countries have ratified the protocol [1]. According to the Intergovernmental 
Panel on Climate Change, the average concentration of CO2 increased from 315 ppm 
in 1960 to 380 ppm in the year 2007, and there has been a 35% increase in CO2 
emission worldwide since 1990 [2–5]. Although carbon dioxide in the air is at a low 
level (between 0 and 0.03%), the concentration is significantly higher in municipal 
polluted areas, and the carbon dioxide levels are increased in industrial regions. 
Sometimes the carbon dioxide levels in industrial regions can reach 600–700 ppm 
[6]. The carbon dioxide concentration in the atmosphere increases 2–3 ppm every 
7  years because of the burning of fossil fuels. 80–85% of atmospheric carbon 
dioxide is produced by fossil fuels (petroleum, coal, and natural gas), and 15–20% 
of the atmospheric carbon dioxide originates from the respiration of humans and 
other organisms and from microorganisms transforming organic compounds. The 
pollution level continuously increases as energy sources are utilized. Global studies 
have focused on reducing the carbon dioxide level to the minimum limit (450 ppm) 
by reducing CO2 emissions to 50–80% by the year 2050. Photosynthetic 
microorganisms such as cyanobacteria, which directly fix carbon dioxide as their 
primary carbon source, have been the primary organisms of interest for this fuel 
production strategy. They can grow much faster than plants and do not need to be 
grown on arable land. Furthermore, these organisms are grown submerged in water, 
which allows for the use of CO2 at higher concentrations than that of ambient air [6, 
7] and could potentially allow for the use of concentrated CO2 emissions from 
industrial waste sources. Research on eukaryotic algae has primarily centered on 
their ability to produce large amounts of lipids for the production of biodiesel [6–8]. 
Cyanobacteria, prokaryotic organisms, combine the advantages of both eukaryotic 
algae, as a photosynthetic microorganism and as a tractable and naturally 
transformable host. Synechococcus elongatus sp. strain PCC 7942 was successfully 
engineered to produce ethanol through the addition of a pyruvate decarboxylase and 
an alcohol dehydrogenase, redirecting carbon from pyruvate [9, 10]. Cyanobacterial 
production of ethanol has since been significantly improved [11, 12]. Though 
compatible with the current fuel infrastructure as a supplement to gasoline, ethanol 
serves as a rather poor gasoline substitute due to its hygroscopicity and low energy 
density. For these reasons, efforts have shifted toward 1-butanol, an important 
chemical feedstock for hydrocarbons normally derived from petroleum, which was 
successfully produced in S. elongatus by diverting carbon flux from the valine 
biosynthesis pathway through the addition of a keto acid decarboxylase, reaching 
1.1 g/L in 8 days [13–16]. Isobutanol, a promising candidate for a gasoline substitute, 
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can easily be obtained from isobutyraldehyde via chemical conversion. The most 
recent studies which included reducing CO2 sources from the air by the utilization 
of cyanobacteria were as follows: Cyanobacteria have been demonstrated to produce 
isobutyraldehyde (1100 mg/L), isobutanol (450 mg/L) [15, 17–20], ethanol (0.021–
550 mg/L) [16, 17] (∼37 mg/L) [18], isoprene (0.05 mg/g dry cell/day) [15–17], 
sugars (∼36 mg/L), and lactic acid (∼56 mg/L) [21–23]. The relatively high-flux 
production of isobutanol and isobutyraldehyde [17–19] demonstrates the feasibility 
for commercial scale synthesis of 1-butanol from CO2 [15, 21, 24, 25].

In this study, it was aimed to remove the high CO2 concentrations in the Aliağa 
and Atatürk industrial districts atmospheres, using S. elongatus cyanobacteria 
isolated from the Gölcük Lake in Ödemiş, İzmir, via photosynthesis. The effects of 
CO2 concentrations on S. elongatus numbers, on 1-butanol concentrations, on 
1-butanolproduced/CO2utilized efficiencies, and on enzyme concentrations were studied 
in two districts, one polluted (Aliağa) and one non-polluted (Atatürk industrial). 
The effects of plasmid addition to S. elongatus species based on 1-butanol 
productions and enzyme activities were investigated. A cost analysis was performed 
for this study. The 1-butanol produced was cheap, could be used as a biofuel, and 
could be an alternative to gasoline in cars.

 Material and Methods

 Microorganisms Isolated and Used in this Study

In this study, photosynthetic cyanobacteria S. elongatus were isolated from Gölcük 
Lake in Ödemiş, İzmir, Turkey.

 Culture Medium and Conditions

All S. elongatus cultures were grown on BG-11 (1.5  g NaNO3, 0.036  g CaCl2, 
0.006 g ferric ammonium citrate, 0.001 g EDTA, 0.04 g K2HPO4, 0.075 g MgSO4, 
0.02 g Na2CO3), (1000 × trace mineral (2.86 g H3BO3, 1.81 g MnCl2·4H2O, 0.22 g 
ZnSO4·7H2O, 0.390  g Na2MoO4·2H2O, 0.0790  g CuSO4·5H2O, 0.0494  g 
Co(NO3)2·6H2O) medium) [22–24]. The pH of the liquid was adjusted to 7.1 by 
adding 1 mM NaHCO3 and 100 mM KOH to the BG-11 medium. All S. elongatus 
strains were cultured in BG-11 medium in a shaking incubator at 120 rpm. Cultures 
were grown under 60  W light condition at 30  °C.  Under laboratory conditions, 
100 mL of isolated S. elongatus culture grown on BG-11 liquid medium was added 
to the 250 mL sterile glass bottles. To each culture, purified CO2 gas trapped from 
the Aliağa and Atatürk organized regions was given between 10.00 and 18.00 five 
times a day at a flow rate of 0.083 m3/s during a period of 30 days. In order to 
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identify the S. elongatus, cyanobacteria isolated from the atmospheres were 
analyzed under a microscope, and their dimensions were measured. Then, their 
growths in urea, ammonia, nitrite, and nitrate media were monitored. A Bradford 
test was performed to determine the protein content.

 Purification of CO2 from the Trapped Air

The atmospheric gas trapped by vacuum pumps from the Atatürk industrial and 
Aliağa regions was stored in polyethylene air bags. The atmospheric gas was passed 
through an absorbent pad containing Azotobacter bacteria. In this step, the N2 gas 
present in the air samples was eliminated since these bacteria used N2 gas for 
growth. The Azotobacter sp. medium consisted of 0.8% K2HPO4, 0.02% KH2PO4, 
0.02% MgSO4, 0.01% CaSO4, 0.0015% FeSO4

.7H2O, 0.00025% g NaMoO3, and 
0.5% sucrose. Then the remaining gas was passed through an absorbant pad 
containing Nitrosomonas sp. bacteria [25, 26]. These bacteria used the O2 in the air. 
As Nitrosomonas medium, Medium A, Medium B, Medium A–Z, and A-2 Trace 
medium were used. A medium consisting of (NH4)2SO4 0.1 g, K2HPO4 0.1 g, NaCl 
0.2 g, MgSO4·7H2O 0.05 g, FeCl3 trace, CaCO3 1.0 g, and tap water of 100 mL was 
used. Medium B was made up as follows: NaCl 0.3  g, MgSO4·7H2O 0.14  g, 
FeSO4·7H2O 0.03, and (NH4)2SO4 0.66 g. They were dissolved in 90 mL distilled 
water. The trace element mixture contained LiSO4 0.01 g, CuSO4 0.02 g, ZnSO4 
0.02 g, H3BO4 0.22 g, Al2(SO4) 0.02 g, SnCl2 0.01 g, MnCl2 0.14 g, NiCl2 0.02 g, 
CoSO4 0.02 g, TiCl4 (15% solution) 0.13 mL, Kl 0.01 g, KBr 0.01 g, and distilled 
water 360 mL [27–29]. As a result, the air was purified of N2 and O2 and contained 
99.9% CO2 with the exception of some NOx gases at trace levels.

 Measurement of 1-Butanol

1-Butanol was measured in an Agilent GC-MS 7890-A system with a flame ioniza-
tion detector and DB-FFAP capillary column. 1-Butanol standard of 0.001% v/v 
was used and dilutions were performed. Helium gas was used as the carrier gas. The 
injector and detector temperatures were maintained at 250 °C. Injection volume was 
1 μL. The GC oven temperature was initially held at 40 °C for 4 min and then raised 
to 250 °C. Column flow rate was 3 mL/min. 1-Butanol typically had a retention time 
of 2.483 min [30–32].
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 CO2 Measurement in GC-MS

For CO2 quantification, 1 mL of gas was drawn by a 1MR-VLL-GT flod syringe. 
Helium gas was used as the carrier gas. The injector and detector temperatures were 
maintained at 40 °C.  Injection volume was 1 μL. The GC oven temperature was 
initially held at 40 °C for 4 min then increased to 250 °C [33].

 Enzyme Activity Measurements

3-Hydroxybutyryl-CoA dehydrogenase (Hbd) activity measurement: Hbd activity 
was measured in a spectrophotometer AquaMate by monitoring the decrease in 
absorbance at 340  nm, which corresponded to consumption of NADH [6]. 
3-Hydroxybutyryl-CoA dehydrogenase (Hbd) measurement: Hbd activity was 
measured in a spectrophotometer AquaMate by monitoring the decrease in 
absorbance at 340 nm, which corresponded to consumption of NADH [6]. Bradford 
protein measurement: Take into consideration the blue color production with 
interaction of Coomassie brilliant blue and proteins at an adsorbance of 595 nm as 
measured in an AquaMate (Helios Aquamate) spectrophotometer.

Dissolved oxygen was measured in a WTW dissolved oxygen meter. The light 
power was measured by a luminometer (OASIS). Additional pure CO2 was added 
with a CO2 tube with a purity of 99.9%.

 Calculation of 1-Butanol Production Yields Versus CO2 Utilized

The calculation of the yield for 1-butanol concentration produced from the CO2 
utilized was done via the formula given in (1), and the yield percentages were 
calculated via the formula given in (2). In the calculations, the theoretical value of 
1-butanolproduced/CO2used is 0.25.

 
Yield Y

butanol produced

CO utilized
( ) = 1

2

 

 
(1)

 
Yield Y

butanol produced CO utilized

Theoric butanol pr
% %

/( ) = 1

1
2 

 ooduced CO utilized/ 2

100×
 

(2)
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 Results

 Identification and Enumeration of S. elongatus

The identification of S. elongatus cyanobacteria was performed by taking into 
account the ammonia, nitrate, urea, and Bradford tests results (Table 1). The identi-
fication of S. elongatus cyanobacteria was done at the end of 30 days (t = 30 °C, 
pH = 7.1, Eh = 120 mV, light conditions = 60 W, CO2 flow rate = 0.083 m3/s). The 
dimensions of the S. elongatus cells differed from 1.5 up to 2.0 μm of length with a 
width of 0.4–6 μm as is reported in the literature studies. In the ammonia test, the 
reproduction of blurry showed that ammonia was used by S. elongatus at 30 °C, 
which is a positive result, as given in the literature (Table 1). In the nitrate test, S. 
elongatus produced blur by using nitrate reductase enzymes in nitrate medium. For 
nitrite test, S. elongatus used the reductase enzyme and utilized the nitrite and con-
verted it to nitrate. On the other hand, S. elongatus used urea and turned it into 
ammonia and caused blur in tubes (Table 1). The Bradford test was done at the end 
of 30 days in order to determine the amount of protein in S. elongatus (Table 1).

According to the results obtained from the biochemical tests, it can be concluded 
that all the isolated bacteria from Gölcük Lake in Ödemiş, İzmir, were S. elongatus 
from cyanobacteria, and they were used in Aliağa and Atatürk industrial district 
atmospheres. The maximum S. elongatus cells were reached in the Aliağa region 
which is this region with a higher level of measured CO2 concentration. The num-
bers of S. elongatus were reduced in the Atatürk industrial district, and they were 
lower than those of the Aliağa region since in this region the CO2 concentrations 
were at the lowest level. Therefore, the 1-butanol concentrations produced would be 
lower from the district with low CO2 concentrations. This correlated with the maxi-
mum protein concentration measured in the S. elongatus cells isolated from Gölcük 
Lake.

 Butanolproduced/CO2utilized Yields

The maximum 1-butanol concentration produced from the CO2 was recorded as 
79 mg/L with a 1-butanolproduced/CO2utilized yield of 87.6% at 30 °C temperature, at 
60 W light intensity, at pH = 7.1, at 120 mV redox potential, and at a 0.083 m3/s flow 
rate together with 0.5 mg/L CO2 and 0.1 mg/L dissolved O2 concentration as the 
optimum operational conditions (Table 2). Water, N, P, and CO2 play an important 
role in the growing of photosynthetic cyanobacteria [22, 23]. It was determined that 
cyanobacteria grow faster in a high CO2 concentration, and more CO2 increases the 
photosynthesis in cyanobacteria. In this study, it was determined that S. elongatus 
removed more CO2 in the Aliağa industrial district where the CO2 concentrations 
are high due to pollution (Table 2). The CO2 concentrations are low in the Atatürk 
industrial region since this area is near the coast. Therefore, the CO2 levels are low 
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and the CO2 utilized is low because this is not a polluted area. To produce 1 mol 
1-butanol with Calvin-Benson-Bassham cycle, 6 mol CO2 is required. This amount 
of CO2 is calculated with the numbers of glyceraldehyde-3-phosphate (G3P) and 
NAD(P)H which are necessary for 1-butanol production. For 6 mol NADPH, 1 mol 
G3P availability from 3 mol CO2 is required. Consequently, 2 mol G3P is required 
to produce 1 mol 1-butanol. Thus, 6 mol CO2 is required to produce 1 mol of 1-buta-
nol [15]. Cyanobacteria fix carbon to provide the skeletons needed to assimilate N 
into amino acids and build protein and cellular biomass; fixed carbon can also be 
used to accumulate carbohydrate storage products (carbohydrate ballasting) in order 
to make the cell heavier during buoyancy regulation.

The maximum yield obtained in this study was 87.6 and 79.2% in the Aliağa 
region (Table 2). Lan and Liao [15] found 68–70% 1-butanol yields by producing 
64–79  mg/L 1-butanol from CO2 using S. elongatus cyanobacteria [15]. In this 
study, the 1-butanol concentrations produced were around 10–12  mg/L in the 
Atatürk industrial region. Among the studies carried out, the lowest 1-butanol yields 
were obtained from the Atatürk industrial district, around 0.150–0.162 1-butanolpro-

duced/CO2used.

 Enzyme Activities

The enzyme activities were high at high 1-butanolproduced/CO2utilized yields (Table 3). 
The enzymes involved in the photosynthesis of CO2 to produce 1-butanol are HdB, 
Ter, AdHE2, AtoB, and Crt. Among these enzymes, Ter and Crt were catalyzing 
crotonyl-CoA and 3-hydroxybutyryl-CoA, respectively, and they were measured at 
low concentrations (Table 3).

Table 2 1-Butanol productions from CO2

Utilized concentration of 
CO2 (mg/L)

Concentration of 1-butanol 
(mg/L) Yielda Yield%

Aliağa district 203 79 0.198 87.6
Aliağa district 180 69 0.182 79.2
Aliağa district 127 64 0.172 69
Atatürk organized 
area

113 12 0.162 56

Atatürk organized 
area

99 10 0.152 49

Atatürk organized 
area

97 10 0.150 40

a(1-Butanolproductions/CO2utilized)
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 Effect of Plasmid Addition on 1-Butanol Production

Plasmid transformation: this was done by carrying the atoB and AdHE2 genes in 
pEL5 plasmid to the genes of S. elongatus PCC 7942 by using recombinant DNA 
techniques. The pEL5 plasmid DNA was done with the recombination of S. elonga-
tus PCC 7942’s neutral zone. Plasmid pEL5 consists of the genes atoB and AdHE2. 
These plasmids were used because they include atoB and AdHE2, which are neces-
sary to produce 1-butanol from CO2 via S. elongatus PCC 7942. The genes atoB and 
AdHE2  in plasmid pEL5 were transferred into S. elongatus PCC 7942 DNA via 
BamH1 and Notl. areas in pAM2991. pEL5 genotype is an AdHE2 that is resistant 
to spectinomycin (SpecR), intended for NSI, PtrcatoB [15]. After pAM2991 plasmid 
was transferred to S. elongatus, a recombination was recorded. PCR photos for 
AdHE2 (a) and atoB (b) genes primers were given in Fig. 1a, which exhibited the 
acetyl-CoA acetyltransferase (atoB) while Fig.  1b showed the aldehyde/alcohol 
dehydrogenase (AdHE2).

As shown in Table 4, the addition of plasmid to the S. elongatus significantly 
increased 1-butanol production, the number of S. elongatus, and 1-butanol yields, 
and the atob and AdHE2 enzymes’ activities were high in S. elongatus containing 
plasmid compared to S. elongatus without plasmid.

Table 3 Enzyme activity measurements

Studies
Concentration of 
HdB (μg/mL)

Concentration of 
Ter (μg/mL)

Concentration of 
AdHE2 (μg/mL)

Concentration of 
AtoB (μg/mL)

Aliağa 
district

0.016 0.0022 0.0026 0.0048

Aliağa 
district

0.013 0.0018 0.0023 0.0046

Aliağa 
district

0.011 0.0015 0.0019 0.0042

Atatürk 
organized 
area

0.008 0.0012 0.0016 0.0039

Atatürk 
organized 
area

0.005 0.0008 0.0011 0.0027

Atatürk 
organized 
area

0.009 0.0013 0.0015 0.0034
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 Cost Analysis

The isolation of S. elongatus, labor, chemical, purification, and electricity costs 
were recorded as 1.06 euro to produce 1 L of 1-butanol from 180 mg/L CO2 trap-
ping from Table 5. In order to produce 10,000 m3 1-butanol from 1000 g/L CO2, the 
cost was calculated as 0.13 euro. With the addition of plasmid, the total cost to 
produce 10,000 m3 1-butanol was 0.66 euro. The cost of 1 L of the 1-butanol pro-
duced was compared with gasoline. The cost of the 1-butanol produced was approx-
imately 3 times lower than that of 1 L of conventional gasoline (Fig. 2).

Table 4 Effect of plasmid addition on 1-butanol production, 1-butanol yields, and enzyme 
activities

Without 
plasmid 
(mg/L)

With 
plasmid 
(mg/L)

S. elongatus 
number/mL 
with plasmid

1-Butanol 
yield (%) 
with plasmid

atoB (μg/L) 
with 
plasmid

AdHE2 
(μg/L) 
with 
plasmid

Aliağa district 
1-butanol 
(mg/L)

153 189 15,000 93 12 × 10−1 9 × 10−1

Aliağa district 
1-butanol 
(mg/L)

140 162 14,000 90 12 × 10−1 8 × 10−1

Atatürk 
organized area 
1-butanol 
(mg/L)

124.38 134 12,000 84 9 × 10−1 6 × 10−1

Fig. 1 PCR photos AdHE2 (a) and atoB (b) genes primers: (a) acetyl-CoA acetyltransferase 
(atoB), (b) aldehyde/alcohol dehydrogenase (AdHE2)
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 Conclusions

The eco-friendly 1-butanol is an economic alternative fuel. It can be produced from 
the waste CO2 in the atmosphere which causes pollution; it is suitable to be used as 
fuel for heating, power, and as an alternative motor fuel. From a pollutant, a renew-
able energy (biofuel) was produced. The maximum 1-butanol concentration pro-
duced was 79 mg/L, and the 1-butanolproduced/CO2utilized efficiency was 87.6%. When 
compared with the prices of gasoline, the cost of 1-butanol is 3 times cheaper. At the 
present time, 1 L of gasoline is approximately 0.93 euro/L while the maximum cost 
of 1 L of 1-butanol is 0.28 euro/L. This biofuel could be a viable alternative to 
gasoline.
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Table 5 Cost Analysis for 1-butanol production from CO2

Isolation cost for S. elongatus 0.10 euro

Labor cost 0.06 euro
Electricity 60 W light power: 0.2 euro illumination for 30 days
CO2 purification 0.3 euro
Total cost without plasmid Total cost: 0.66 euro/L
Addition of plasmid (0.4 euro) Total cost: 1.06 euro/L
Total cost without plasmid 0.13 euro/10000 m3 1-butanol
Addition of plasmid (0.4 euro) Total cost: 0.66 euro/10000 m3 1-butanol

Fig. 2 Comparison of 1-butanol and gasoline costs
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Abstract Although energy sources on the environment are limited, in all parts of 
life, energy requirement increases rapidly which depends on the increasing technol-
ogy and population. This problem enforces researchers to study on energy effi-
ciency, performance, and optimization. This paper presents artificial 
intelligence-based (AI) prediction models to estimate energy loads for residential 
buildings. The model was developed by using eight input parameters (relative com-
pactness, surface area, wall area, roof area, overall height, orientation, glazing area, 
glazing area distribution) related to two output parameters (heating and cooling 
loads).

The dataset contains 768 residential building information. In the proposed model, 
advanced machine learning (ML) regression algorithms (tree-based and lazy learn-
ing algorithms) compared with multilayer perceptron (MLP) and support vector 
regression (SVR) algorithms. According to coefficient of determination (R2), mean 
absolute error (MAE), and root mean squared error (RMSE) values best prediction 
model obtained for energy-efficient building design.
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 Introduction

The energy issue can be described as the most competitive area between countries. 
All government policies in the short, medium, and long term are planned to be 
energy-oriented. In this context, states support the private sector with high budgets 
in energy investments or in R&D activities related to energy.

Heating and cooling loads can be calculated in detail using advanced software, 
with the following heat gain factors: solar, lighting, electrical devices, and human 
and heat loss parameters due to building characteristics. Prediction of heating and 
cooling loads in buildings is of high importance for engineers, and these estimates 
also enable building energy efficiency to be improved.

Numerous developments are experienced in energy-efficient areas, which was 
the aim of the use of efficient energy and its sources, in many countries around the 
world. On this subject, the construction sector has conducted various important 
studies for the purpose of determining the precise energy consumption of buildings 
and to provide optimizations in the usage rates of energy types. Yıldız and Arsan in 
2011 studied about the most important factors that affect the heating and cooling 
energy loads for buildings, in hot and humid climates, by considering an existing 
apartment’s design [1]. In their study, Cheng and Cao in 2014 mentioned a method 
called EMARS, the combination of two different methods which are the artificial 
bee colony and multivariate adaptive regression splines (MARS), which predicts 
heating and cooling loads of buildings [2]. Khayatian et al. in 2016 used ANNs, by 
considering those that were easy and not time-consuming, to predict heat energy 
demand of buildings according to the energy consumption of existing buildings [3]. 
Yücel and Namlı in 2018 developed a machine learning-based model for predicting 
energy performances of buildings [4].

 Artificial Intelligence-Based Prediction Models

Artificial intelligence (AI) algorithms estimate unrecognized interactions between 
the inputs and output from a dataset [5]. Table 1 shows AI regression techniques, 
used in this paper. These regression algorithms have been commonly utilized for 
modelling numerous real-world regression problems.

Table 1 AI techniques utilized in this study

Categories Techniques Abbreviation

Functions Multilayer perceptron MLP
Support vector regression SVR

Lazy learning techniques IBk linear NN search IBk
Locally weighted learning LWL

Tree-based learning techniques Model trees regression M5P
Reduced error pruning tree REPTree
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 Multilayer Perceptron (MLP)

MLP is the most common artificial neural network (ANN) technique and contains 
neurons with practically weighted interconnections, where signals all the time flow 
to the output layer [6]. The architecture of the MLP comprises of input layer, hidden 
layers, and output layer. Input signals flow from the input layer to the hidden layer 
without implementing any functions [7]. A classical MLP structure may be described 
in Eqs. (1)–(5) [8–13]:
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i ij j= ∑ +
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1
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(1)

Equation (1) specifies the total yields of the inputs (Xi), a bias term of the hidden 
layer (a0j), and the weight vectors (aij). In Eq. (2), the output of the hidden layer (Zj) 
is provided by converting the total that is specified in Eq. (1), by utilizing activation 
function g.
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One of the most common activation functions is sigmoid function, specified in Eq. 
(3) for input x.
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Equation (4) specifies the total yields of the hidden layer’s outputs (Zj), a bias term 
of the output layer (b0k), and the weight vectors (bjk).
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In Eq. (5), the outputs of the output layer (Yk) are provided by converting the total, 
computed in Eq. (4), utilizing the sigmoid function g, specified in Eq. (3).

 
Y g vk k= ( )  

(5)

 Support Vector Regression (SVR)

SVR is a specific usage of support vector machines. The basics of the support vector 
regression (SVR) are to map (transfer) the input data x into a higher-dimensional 
feature space [14]. Mapping could be handled by utilizing a kernel function. The 
most widely used kernel functions can be sorted as linear, polynomial, Gaussian 
(RBF), and sigmoid (MLP) kernels [15–18].
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 IBk Linear NN Search (IBk)

IBk algorithm operates as a k-nearest neighbor (k-NN) classifier, which could be 
defined as a widely used lazy-/instance-based technique for both regression and 
classification problems. In this study, we utilized it for a regression problem. The 
technique can do distance weighting and normalizes input values by default [11].

 Locally Weighted Learning (LWL)

The locally weighted learning algorithm assigns instance weights for classification 
and regression problems [14]. In this study, we utilized it for a regression problem. 
The most impressive factor behind the LWL method is that any nonlinearity can be 
estimated by a linear model, when the output surface is smooth. So, instead of a 
complicated method, it is easy to predict nonlinear functions by using simple local 
procedures [5].

 Model Trees Regression (M5P)

The M5P algorithm constructs a model tree (for the reason that each leaf nodes 
comprises a linear regression model to provide the estimated output, the tree is 
named a model tree [19] utilizing the M5 algorithm. An M5 tree is constructed uti-
lizing a divide-and-conquer technique. The major advantages of M5P are (1) the 
regression functions don’t usually include many variables, (2) the decision strength 
of M5P is net, and (3) the M5P is smaller compared to other trees [20].

 Reduced Error Pruning Tree (REPTree)

The REPTree produces a regression tree utilizing the node statistics such as vari-
ance decrease or information gain computed in the top-down period and prunes it 
utilizing reduced error pruning [19]. Optimized for speed, the REPTree just classi-
fies values for numeric attributes once and handles with missing values by splitting 
input data into small pieces [5].
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 Application and Discussion of Results

 Dataset

Simulations of the energy aspects of residential buildings are extensively used 
approach [21]. Tsanas and Xifara associated heating load (HL) (y1) and cooling load 
(CL) (y2) with eight input variables: “relative compactness (x1), surface area (x2), 
wall area (x3), roof area (x4), overall height (x5), orientation (x6), glazing area (x7), 
and glazing area distribution (x8).” These inputs are utilized in an environmental 
analysis tool ECOTECH, which enables architects to simulate energy performance 
of residential buildings from the earliest phases of conceptual design: 768 different 
buildings with the exact volume of 771.75 m2 but diverse surface areas and dimen-
sions [21]. Dataset contains all numeric variables. There are no missing values. The 
basic statistics of the dataset are given in Table 2.

 Performance Statistics and Evaluation Process

The AI model techniques, suggested in this paper, were evaluated by utilizing the 
three well-known performance statistics (i.e., coefficient of determination (R2), 
mean absolute error (MAE), root mean squared error (RMSE)). The performance 
statistics were computed to analyze the relation between the original data and the 
estimated data with maximum predilection for R2 closest to unity whereas for MAE 
and RMSE closest to zero [22].

The mathematical representation of R2 is
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Table 2 Variables and their main characteristic

Variables Min Max Mean Std. dev. Number of possible values

x1 0.62 0.98 0.764 0.106 12
x2 514.5 808.5 671.708 88.086 12
x3 245 416.5 318.5 43.626 7
x4 110.25 220.5 176.604 45.166 4
x5 3.5 7 5.25 1.751 2
x6 2 5 3.5 1.119 4
x7 0 0.4 0.234 0.133 4
x8 0 5 2.813 1.551 6
y1 (kW) 6.01 43.1 22.307 10.09 586
y2 (kW) 10.9 48.03 24.588 9.513 636
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where y′ is the estimated value, y actual value, and n number of instances [23].
The MAE is presented by the following equation [24]:

 
MAE = ∑ − ′

=

1
1n

y y
i n,  

(7)

The RMSE is the square root of the mean square error. Mathematical representation 
of the RMSE is [8]

 
RMSE =

∑ −( )′y y

n

2

 
(8)

In this paper, two evaluation processes (ten- and fivefold cross-validation) were 
used to analyze predictive models. For the proposed model evaluation, k-fold cross- 
validation reduces bias caused by randomness in selecting testing cases [25].

 Empirical Results

The results of the machine learning models are summarized in Table 3. The perfor-
mance of all eight predictors except IBk is relatively close, with the R2 values rang-
ing between 0.9019 and 0.9984. The best prediction performance subject to R2 is 
provided by the REPTree and M5P, closely followed by MLP and SVR, respec-
tively, for HL. The best performance for CL is obtained by the M5P and REPTree, 
followed by MLP and SVR, respectively. The obtained results were almost identical 
to R2 results. Table 3 demonstrated that REPTree, M5P, MLP, and SVR produce the 
lowest MAE and RMSE, respectively, for both HL and CL.

Four evaluation processes, tenfold cross-validation (CV10), and fivefold cross- 
validation (CV5) were utilized to evaluate the predictive models. Table 4 summa-
rized the best evaluation process according to performance statistics. The best 
results of MLP, M5P, and REPTree are obtained by using CV10 evaluation process 
for HL, and the best results of SVR, IBk, and LWL are obtained by using CV5 
evaluation process for CL, individually. On the other hand, the best results of 
REPTree is obtained by using CV5 evaluation process for CL, dissimilarly.

 Conclusions

In this study, AI techniques have been investigated to propose models that predict 
residential buildings’ energy performance via utilizing experimental data. For this 
purpose, eight artificial intelligence (AI) models were compared for prediction.
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Data for 768 cases of HL and CL and two evaluation processes (i.e., tenfold and 
fivefold cross-validations) were utilized to examine the predictive models. The 
obtained findings present the applicability of AI models for predicting energy con-
sumption of residential buildings. Clearly, the tree-based (i.e., M5P and REPTree) 
models were determined to be the best, and the lazy learning algorithm (i.e., IBk 
and LWL) was determined to be the weakest performing predictive model.
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Green Roofs and Urban Life Sustainability

Hatice İnan

Abstract As the population coming to the cities increases, the surface textures of 
the natural landscapes around the city deteriorate and are quickly transformed into 
urban areas. At the local level, ecosystem and climate change also occur when mate-
rials such as concrete and asphalt with higher thermal capacities and thermal con-
ductivity replace plant cover and water masses. As a result, the continuity of urban 
life becomes dangerous. Sustainable cities make the city more efficient and provide 
people with a high-quality living environment, without consuming too much natural 
resources. These local effects can be limited by city-level harmonization policies 
such as cool plots in cities, cool and green roofs, and expanding vegetation. In this 
study, the effects of the presence of green roofs instead of the traditional roof on the 
sustainability of life in the cities were examined.

Keywords Global warming · Climate effects · Stormwater management · Urban 
heat island · Energy · Air pollution

 Introduction

The population of urban areas worldwide is becoming more crowded, and nowa-
days 54% of the world’s population is in cities. By the year 2050, it is predicted that 
the world population will be about 9 billion, and two-thirds of this population (about 
66%) will live in cities [1–4]. The surplus population in urban areas would dramati-
cally increase the problems such as high pollution and temperatures (“urban heat 
islands”), degraded water and air quality, and intensified biodiversity loss in local 
and global natural ecosystems [5–7]. These problems are faced when there is an 
excessive use of the natural resources; an increase in the request for food, water, and 
energy; and, therefore, an increase in the pollution of water, atmosphere, and soil 
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[6–8]. In addition to all pressures to the city life, global warming makes all these 
problems more dramatic [9, 10]. Cities constitute about 80% of the gross world 
product and contribute to the world CO2 emissions, which are more than 60% and 
about 80% of the total greenhouse gas emissions [6–13].

Concerning ecological, environmental, economic, and social experiences, it can 
be said that it is essential to create a sustainable life or development. It must be 
understood that “sustainable living” is a situation in which the needs for the current 
and future generations can be supplied without any risk [10–15]. In this context, 
sustainability of the urban life issue gains attention.

Today, the global climate change and its effects are becoming challenging threats 
to civilization. The main reasons for the climate change are the increased burning of 
fossil fuels because of tremendous energy demand and also changing the land use 
such as deforestation, etc., all of which increase the greenhouse gas (GHG) emis-
sion. As reported by [16], GHG emissions consist of from mainly energy supply 
sector, transport, and industry, and then changes in land use patterns [16–19]. 
Climate change also affects lots of urban activities including urban planning, secure 
water supply, stormwater management, waste management and transportation, 
buildings, energy, health, and food security. Furthermore, the other risks are also 
expected: shifts or extinction of species, phenology changes, increased damage 
from storms and wildfires, and losing of coastal zones [11].

Currently, green roofs are the green infrastructures for urban areas, and they can 
mitigate the global warming effects and many other environmental problems [20]. 
It can be a good alternative in sustainable urban planning because of its several 
benefits including the improved air quality, stormwater management, lowering 
building energy consumptions, decreasing climate impacts, and mitigating the 
urban heat island effect, etc. [21–27]. Therefore, they are taken attention; interests 
of them and their number are increasing in many countries. Green or vegetative 
roofs can have a considerable function in sustainable urban life buildings [28]. In 
fact, the roof of the urban buildings is unused spaces. By vegetating the roof area, it 
can turn into a green area and supply attractive green space [29–33].

 Green Roof Construction

The green roof, which is built on the roof of a building, is purposely fitted or culti-
vated with vegetation (vegetative roof). This roofing style is an old technique seen in 
the Babel Hanging Gardens built around BC 500. Recently, this roof construction 
technique has been used for insulation purposes from extreme climates in Nordic 
countries. In the last few decades, modern green roof technology started and devel-
oped firstly in Germany [27]. Contemporary technical knowledge and practice about 
green roof have emerged from Germany in the 1970s and 1980s. Switzerland, Austria, 
the UK, and France, Canada and parts of the USA followed to Germany by increas-
ingly installing green roofs. Recently, developed countries like the USA, Canada, 
Australia, Singapore, and Japan are implementing and widening green roof system by 
doing either building new green roofs or by adapting to the old buildings [25–27].
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Benefits of Green Roof

Mostly the green roofs are mainly categorized as intensive and extensive. They have 
different habitats, affect storm water runoff to varying degrees, and have impact on 
energy usage and thermal performance differently [26, 34, 35]. Intensive and exten-
sive green roofs have different substrate thickness and vegetative types. Intensive 
green roofs have thick substrate layer (20–200 cm), a broad variety of plants (shrubs, 
and small trees), high maintenance, high capital cost, and greater weight. Because 
they need fertilizing, weeding, and watering, their maintenance cost will be high. 
However, extensive green roofs have low weight due to thin substrate layer (less 
than 15 cm). In addition, they have less capital cost and maintenance. The typical 
plants are grasses, moss, and few succulents. Because of lighter, so no additional 
structural support is not desired since it is lighter by weight [25, 27, 28, 32]. 
Basically, all green roofs are made up of five main key components:

• The planted layer (sedum and grasses up to shrubs and trees).
• The substrate (growing medium (from 20 mm (extensive roof) to 1500 mm deep 

(intensive roof))).
• The filter layer (prevents the substrate from blocking the drainage layer).
• The drainage layer (affect the amount of stormwater retaining on the roof at any 

time).
• The root barrier (protect the integrity of the roof from damage).

 Stormwater Management and Rainwater Harvesting

As the cities become crowded and permeable places become impermeable, storm-
water, the runoff created by the rainfall, is an important problem that can make a 
city life suffer and dangerous [36]. For this reason, stormwater management is an 
important need. Stormwater effects could be effectively controlled by reducing sur-
face runoff as possible and maximizing infiltration and subsurface runoff. If the city 
has a combined sewer system that comprised of a wastewater and stormwater, in 
heavy rain, local rivers and streams result in the pollution because of an overflow 
from a combined sewer system [37]. The green infrastructure is a good alternative 
for stormwater management to protect rivers and natural systems [23, 26, 38].

Stormwater cannot penetrate impervious surfaces such as paving or roofs. When 
precipitation reaches an impervious surface, it flows directly to downhill. If the 
surface is a pervious surface in which water can penetrate such as soil or a green 
roof system, the stormwater infiltrates by the surface until it is saturated and then 
flows off according to the slope. While commonly used impervious roofs cause 
instant runoff flow, green roof system holds stormwater and retains it, thereby help-
ing to reduce peak flows [39]. In addition, decreasing the volume of stormwater 
conveyed to the sewer system after rainfall will buffer the first flush of stormwater 
to regulate the flow of water into sewage treatment facilities, and it helps to protect 

Green Roofs and Urban Life Sustainability



154

water quality. Green roof systems are the best management practices (BMP) since 
they catch the first cm of rainfall—the most frequently occurring rain event [32, 
40–42] (Fig. 1).

The health of watersheds and aquatic ecosystems is at great risk due to the 
increase in stormwater volumes and associated pollution loads. Nitrogen and phos-
phorus, which are the major causes of eutrophication, come from excess fertilizers 
from agricultural fields and lawns as well as urban runoff and result in degraded 
water quality. Stormwater runoff brings airborne pollutants, which settle on imper-
vious surfaces, to nearby streams and rivers in every rain. In pervious surfaces 
throughout the rainstorms, water replaces the air in the void spaces of the soil 
medium and is thus stored in soil and reduces the surface runoff. When the soil of 
the living green roof built on a flat surface has the maximum dryness, it serves as a 
water storage area at a very high capacity. In other terms, maximum water storage 
capacity or retention time depends on existing soil moisture content and its medium, 
depth, and porosity and slope of the roof and also vegetation type. The loss of 
stormwater of some cities is the very big deal. It could be equal to average annual 
household water needs of 3.6 million people of the city. If it is caught by the green 
roof, during the infiltration of stormwater, water could be treated, and that treatment 
efficiency is the function of the residence time [32, 42, 44, 45].

Rainwater harvesting (RWH) has come to the fore again due to the pollution of 
water resources and the distances to large settlements and global climate problems. 
Humans have practiced the rainwater harvest for thousands of years. Because of the 
many advantages of rainwater harvesting, it is now gaining popularity not only in 
water-restricted areas but also in the general public with conservation conscious-
ness. This water is simple and cheap. Once the resulting rainwater has been treated, 
it is a reliable source of water reinforcement for all urban uses, including drinking, 
washing, and water consumption and irrigation. However, care must be taken in 
urban centers with air pollution [46].

Fig. 1 Conventional and green roofs of typical rainwater and runoff hydrographs [43]
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Rainwater in places without air pollution is relatively clean and soft, has a pH 
value of about 5.6, and does not contain disinfection by-products, salts, minerals, 
and other natural and anthropogenic pollutants found in the surface water. On the 
other hand, in areas with air pollution from traffic and power plants, rainwater may 
be acidic, making plants, soils, and infrastructures corrosive and damaging with a 
pH as low as 3.0. In addition, if the rain has high acidity, it should be noted that roof 
coverings such as asphalt shingles and zinc or copper gutters and landing pipes are 
a source of pollution. For this reason, it is necessary to include air pollution controls 
for the rain collection programs to be effective.

 Mitigation of Urban Heat Island Effect

The urban heat island (UHI) is a phenomenon whereby temperature levels in urban 
areas are higher than in the surrounding rural settings. UHI are associated with high 
ambient temperature effects, changes in sedimentation patterns, air pollution at the 
climate extremes, and the effects of air pollution in urban areas.

The mitigation of the urban heat island (UHI) effect is an important point for the 
sustainable urban development. UHI is a fact caused by the increase of urbanization 
process, that is, growth of urban areas (urbanization), structural and land cover 
changes together with an increase of air pollution and anthropogenic heat sources, 
development of specific air circulation patterns (e.g., street canyons), and other fac-
tors. The city growth has changed the nature of surfaces and reduced the presence 
of vegetation, building structures, and materials trapping solar radiation during the 
day. It caused the case of the significant temperature differences between urban and 
rural areas [47–49]. The impact of UHI is a reality for every urban area, regardless 
of its size and geographical location, but this manifestation is significantly greater 
for megacities, especially in hot climate regions.

Recently, anthropogenic activities in urban areas have become increasingly 
prominent. Excess urbanization growth results from more human activity and land 
changes, creating undesirable effects such as urban heat island (UHI) and a drastic 
difference in the temperature of the urban than the surrounding rural areas. In addi-
tion, global warming also contributes to increased UHI effects, potentially reduced 
precipitation, and thus aggravated effects, and summer heat load will most likely 
lead to increased heat waves in many areas and will affect higher densities and lon-
ger durability.

The most cost-effective strategy for mitigating the urban heat island effect in 
cities is the green structure or green roof. Topography, building geometry and 
dimensions, density, facade and roofing materials, the albedo of surfaces, urban 
canyons, transportation, pollution, greenery integration, etc., are the many local 
effects that have a great impact on the temperature profile of any area in cities. The 
quantitatively reflective behavior of a surface can be defined as albedo parameter 
that represents the total hemispherical reflection of a surface integrated over the 
solar spectrum. The conventional roof has an average albedo of 0.30. To increase 
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the albedo of residential and industrial building roofs and consequently mitigate 
the UHI can be possible when coverings such as cool roof paintings are applied, 
and vegetative roofs reduce heat in three ways: by evapotranspiration, by reflecting 
the sun because of the higher albedo of the leaves, and by blocking the solar radia-
tion [50].

The most cost-effective strategy for the reduction of heat island effect in the city 
is the emergence of greenery in cities. Green areas can be a remedy by cooling the 
environment in the process of evapotranspiration in which large amounts of sunlight 
can be transformed into latent heat. Furthermore, green areas supply a nice urban 
environment and have a positive effect on the comfort level of the users, reducing 
air temperature. During daytime trees and planting provide shading; the nights are 
characterized by the cooling of trees and plant coverings, green roofs, and urban 
microclimates. The cooling effect varies because of the higher albedo of the vegeta-
tive roofs and the evapotranspiration effect. In urban scale, green roofs have a poten-
tial to reduce the average air temperature between 0.3 and 3.0 K [47, 50].

Vegetative areas act as moisture sources for evapotranspiration (evaporative 
cooling), and this helps to lower city temperature [51]. Therefore, the green roof 
reduces the surface temperature of the roof surface and the ambient air temperature. 
Thus, it raises human comfort and at the same time saves energy for the buildings. 
Vegetation and greenery reduce the impact of urban warming [24, 51–55].

 Energy Reduction

Population and infrastructure growth, modernization, and urbanization are the fac-
tors that affect the world in various energy and environmental challenges. Green 
roof technology is a passive energy-efficient technology used to improve the sus-
tainability of buildings. In addition, it serves both mitigations of environmental 
problems and enhancement of aesthetic and architectural qualities of buildings in 
urban areas [56].

There are differences in annual or seasonal energy consumption between build-
ings with green and conventional roofs. Green roofs are positively affecting the 
energy consumption of a building by improving its thermal performance; even 
though it varies depending on the daily and seasonal weather. Poorly insulated 
roofs, like many existing buildings, will overheat underneath during the summer 
months and lead to overheating demand during the winter months. By amendment 
of the conventional roof to green roofs, both air conditioning and heating use reduce. 
In summer, the amount of solar energy used for evaporation from plants and the soil 
reduces the amount of energy absorbed by the roof membrane and leads to a reduc-
tion in the cooling load. In the winter months, a green roof can be added to the 
insulation qualities of the roof. Nevertheless, the thermal performance is highly 
dependent on the amount of water retained in the green roof substrate and in a 
humid winter climate. On hot conditions, the heat on the naked roof material that 
accumulates during the day continues to reenter the building during the night. In the 
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same study, it was determined that the green roof provided less heat during the day, 
and therefore the nighttime temperature effect was much less. It has been found that 
after the sunset, the temperature of the ambient air on the vegetation of the green 
roof decreases considerably, and the ambient air continues to cool down during the 
night [51].

The green roof is able to reduce the energy consumption and to improve the 
internal comfort where the spring and summer seasons in sites where the climatol-
ogy is characterized by high temperature and irradiance values during the day [57–
59]. In a typical building, the heat load that can be encountered in the summer 
months is mostly due to the heat gain from the roof.

 Air Pollution Reduction

City air contains high levels of pollutants, and they generally have an adverse effect 
on human health. More than 1 million premature deaths are thought to be linked to 
air pollution in developing countries around the world according to the World 
Health Organization (2002) [26]. It can be foreseen that these deaths will probably 
increase when the increasingly crowded and polluted cities are considered. 
Controlling the sources of air pollutants is the traditional air pollution management 
program that is focused on. However, this strategy does not prevent the threat posed 
by uncontrolled polluters. For this reason, new approaches are needed. The uses of 
urban vegetation are one of them. Vegetation can diminish air pollution owing to a 
dry deposition process and microclimate effects [26].

By changing the cooling of the albedo and evapotranspiration of the vegetation- 
covered urban surfaces formed by trees and other plants, microclimates can be posi-
tively influenced, thus indirectly reduce the consumption of electricity for heating 
or cooling purposes. The decrease in the consumption of electricity means that pol-
lutant emissions also decrease. At reduced ambient temperatures, photochemical 
reactions slow down, resulting in less secondary air pollutants [60].

It is not easy to find enough space to build vegetation in a densely populated city. 
For example, the percentage of impervious area in New York is as high as 64% and 
as high as 94% in districts such as Midtown Manhattan. However, the use of green 
roofs in large cities can be a method to increase vegetation in these areas [61, 62].

In a 4000 m2 field study in Singapore, it was found that the particle and SO2 levels 
in the air above the green roof decreased by 6% and 37%, respectively [61]. Another 
study proved that some certain air pollutants can reduce by green roofs [62].

 Conclusion

Rapid growth of the world population and, accordingly, the expansion of urban 
areas as well as global warming and climate change are creating many problems in 
urban life. It is expected that the population living in the cities will increase from 
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50% to 66% by 2050. Therefore, the sustainability of urban life will be a much more 
critical issue in the future. In sustainable urban life, it is expected that people living 
there will have a high-quality living environment without consuming too much nat-
ural resources. From this point of view, it is inevitable to seek appropriate solutions 
for the problems that will be experienced here for the sustainability of city life.

Green roofs are one of the green infrastructures and can be applied to city build-
ings appropriately. Instead of the conventional roof surface, which has no additional 
functions in the cities, green roofs that have vegetation can be applied. Green roofs 
provide many physical, environmental, and economic advantages for urban life sus-
tainability and mitigate the effects of global warming.

The most main benefits of green roof application in the urban areas are as fol-
lows: regulate indoor and outdoor temperatures, thus reducing of energy consump-
tion, mitigate the effect of locally generated heat islands, supply stormwater 
management and rainwater harvesting, and reduce air pollutants. Besides, it gives 
additional benefits such as the recreational area for people, a place for urban agri-
culture, and noise reduction.
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Abstract Cement is a composite material and it consists of different raw materials. 
The raw materials which are used in the cement production industry are commonly 
obtained from rocks such as limestone, gypsum, clay, and iron ore. In addition, the 
cement raw materials may also include natural radionuclides such as 226Ra, 232Th, 
and 40K, which may have an adverse effect on human health. Hence, determination 
of natural radioactivity level is very important for human health safety. In this study, 
natural activity concentrations of 226Ra, 232Th, and 40K are investigated in cement 
and cement raw materials in Turkey as a case study. In addition, eight different 
radiological parameters and indices were calculated from activity concentrations. 
The natural radioactivity due to the presence of 226Ra, 232Th, and 40K was measured 
using the gamma spectrometer coupled with HPGe detector. The mean measured 
activity concentrations of 226Ra, 232Th, and 40K in the raw materials were 38.14, 
92.66, and 636.63 Bq kg−1, respectively, with higher activity concentrations in coal 
for 226Ra and trass for 232Th and 40K. Mean activity concentrations of natural radio-
nuclides (226Ra, 232Th, and 40K) in cement samples were found as 34.26, 58.2, and 
512, respectively. The results showed that coal and fly ash are the principal contribu-
tors for the presence of 226Ra activity concentration, trass and iron ore materials for 
the presence of 232Th, and clay and trass raw materials for the presence of 40K in 
cements.
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 Introduction

Cement is one of the leading construction materials applied across the globe. 
Without cement, structures such as bridges, tunnels, and residences could not be 
fabricated. Of these, the latter consumes the highest volume of cement due to plas-
tering and cement bricks [1]. The construction sector has a very important part in 
Turkey’s economy, like many other countries of the world in the last years. The 
growth of Turkey’s economy is almost dependent on the growth of the construction 
sector and the urban transformation studies performed in many cities of the country. 
Therefore, there are many building raw material production plants like cement and 
cement raw materials in Turkey.

Cement, which is a composite material, derives from rocks and various amount 
mixes of industrial by-products. The general manufacture procedures of cement 
contain raw material mixing, burning, grinding, storage, and packaging. To make 
cement, aluminum, silicon, iron, and calcium are the vital elements. These elements 
exist in a form of limestone, clay, fly ash, iron ore, etc.—the chemistry of these 
materials determine the quality of the cement [2]. The amount of raw materials and 
industrial by-products determine the type of cement [3]. The raw materials used in 
cement production may contain traces of natural radioactive elements like 238U, 
232Th, and 40K—the amount of these radioactive elements vary depending on the 
geochemical nature and geological site of the expended raw material [4–8]. Because 
of this, cement and its parent materials may have varying radioactive levels. When 
raw materials with radioactive elements are used in cement production, they cause 
external and internal radiation; external exposure is due to gamma radiations from 
238U, 232Th, and 40K, while internal exposure is due to short-lived radiation materials 
produced by radon [9, 10].

Humans spend almost 80% of their time in enclosed parameter cement. Hence, 
to shield humans from radiation effects of construction material, it is imperative to 
determine the levels of radiation in cement and its parent materials. Upon establish-
ment of these levels, guidelines and standards of the cement materials can be insti-
tuted. Therefore, this study assesses the radionuclide levels of radium (226), thorium 
(232), and potassium (40) in some cement materials produced in Turkey.

 Materials and Method

 Sample Collection and Preparation

A total of eight raw samples, two intermediate materials of cement production, and 
five different product cements were collected for gamma-spectrometric measure-
ments of natural radioactivity levels in this study. Except for water, all the measured 
samples were in mass form either in granulated or grinded fine powder forms. Water 
sample was collected from tap water into a 500 mL polyethylene bottle from the 
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cement factory production unit. All mass-formed samples were collected in poly-
ethylene bags. Samples were all labeled, and their specifications and sources were 
noted on the labels. Mass-formed samples, except for the cement samples, were first 
pulverized, homogenized, and sieved by a sieve of 2 mm grid mesh before the mea-
surement of activity concentration [11, 12]. Because of their homogeneous and 
powder form, cement samples were expended in their original state without any 
preceding processing (such as pulverization, homogenization, and sieving). All 
mass-formed samples were dried in a temperature-controlled furnace at 110 °C for 
20–24 h until constant weight was obtained, ensuring complete removal of moisture 
from the samples. The weighted samples were kept in a plastic container of 250 cm3 
and hermetically sealed for 4 weeks. This process was performed to ensure secular 
equilibrium of 238U and 232Th in the sample with their respective daughters [13]. The 
natural radioactivity levels of present radionuclide in the samples were measured 
using a gamma-ray spectrometry with a high purity germanium (HPGe) detector 
[14]. All experiments were replicated twice—the means of the results are 
presented.

Cement mainly constitutes of clinker—clinker is formed after heating a mixture 
of limestone and clay between 1400 and 1500 °C. In addition, different types of 
cements are produced according to the other additives which are standardized 
EN-197-1:2011 [15]. CEM I, commonly branded as Portland cement, contains at 
least 95% clinker. Selected three types of CEM II such as A-W, B-M (L-W), and 
A-M (P-L) are produced by 80–94%, 65–79%, and 80–94% clinker with 6–20% (fly 
ash), 21–35% (trass and fly ash), and 12–20% (trass and limestone) additives, 
respectively. CEM IV/B (P-W) is produced by 45–64% clinker and 36–55% (trass 
and fly ash) additives, and all types of cements included minor additives such as 
natural gypsum (5–0%) EN-197-1:2011 [15].

 Gamma-Spectrometric Measurements

The gamma levels of the sampled cement raw materials and cement samples were 
performed in a Canberra Inc.-manufactured Extended Range Coaxial High-Purity 
Germanium (HPGe) detector, and its specifications and measurement procedures 
were given by Altun et al. [16].

 Radiological Parameters and Hazard Indices

 Radium Equivalent Activity (Raeq)

Radium equivalent activity (Raeq) is a term expended for adapting safety standards 
of radiation protection on human population [17–19]. This activity is calculated 
from radionuclide concentration such as 226Ra, 232Th, and 40K in soil or other 
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materials as given in Eq. (1). It is assumed that 370 Bq kg−1 of 226Ra, 259 Bq kg−1 of 
232Th, and 4810 Bq kg−1 of 40K produce the same gamma-ray dose rate.

 
Raeq Ra Th K= + +A A A1 43 0 077. .

 
(1)

where ARa, ATh, and AK are the activity concentrations of 226Ra, 232Th, and 40K, respec-
tively, in Bq kg−1.

 Estimation of the Absorbed Gamma Dose Rate (DR)

The DR in the indoor air of the gamma ray emitted by radionuclides (226Ra, 232Th, 
and 40K) of cement and its parent materials was computed based on UNSCEAR 
(2000) [20] and the European Commission (1999) [21] guidelines. In addition, the 
dose conversion coefficients of a standard room were based on UNSCEAR and the 
European Commission standards—the size of a standard room was 
4 m × 5 m × 2.8 m. The floor, ceiling, and concrete walls measured 20 cm thick with 
a density of 2350 kg m−3. The values of DR were calculated expending Eq. (2):

 
D A A AR Ra Th KnGy h−( ) = + +1 0 92 1 1 0 08. . .

 
(2)

where ARa, ATh, and AK (in Bq kg−1) are the activity concentrations of radium (226), 
thorium (232), and potassium (40), respectively. This study adopted 84.00 nGy h−1 
as a DR reference value. This DR value represents the external, terrestrial gamma 
radiation and the world’s average population-weighted DR [20].

 Annual Effective Dose Equivalent (AEDE)

AEDE is the ratio of absorbed amount in air to effective quantity received by adults. 
The following Eq. (3) given by UNSCEAR (2000) was expended for the annual 
effective dose equivalent calculation. To estimate the AEDE, a conversion coeffi-
cient and the outdoor occupancy factor of 0.7 Sv Gy−1 and 0.2 were used, respec-
tively, as shown in the equation below.

AEDE year nGy h h Sv GyRµSv D− − − − −( ) = ( )× ( )× ( )× ×1 1 1 1 38760 0 7 0 2 10[ . .
 
(3)

where DR (nGy h−1) is estimated using Eq. (5), average worldwide value of AEDE 
as 480 μSv y−1 [20].
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 Annual Gonadal Dose Equivalent (AGDE)

Radiation can cause different negative effects such as death or mutation of all living 
cells or a whole organ [22]. According to UNSCEAR (2000) [20], the bone marrow, 
the bone surface cells, the thyroid, the lungs, and the gonads are among the organs 
that are much affected by radiations. Therefore, determining the annual gonadal 
dosage equivalent (AGDE) is very important—it is estimated using Eq. (4) [23, 24].

 
AGDE year Ra Th KµSv A A A−( ) = + +1 3 09 4 18 0 3147. . .

 
(4)

 Excess Lifetime Cancer Risk (ELCR)

The prolonged contact of radiation from natural radioactivity in the soil, especially 
settlement areas, can cause adverse effects such as cancer. Some regulatory agen-
cies expend a quantitative risk index assessment procedure to identify ELCR [25]. 
This value is calculated according to the likelihood of cancer in a population of 
individuals for a certain lifetime expending projected intakes, exposures, chemical- 
specific dosage, and response data. ELCR is estimated using Eq. (5), as quoted by 
Ramasamy et al. [26, 27]:

 ELCR AEDE DL RF= × ×  (5)

where AEDE is the yearly effective dosage equivalent, DL is 70 years of life dura-
tion, and RF is fatal cancer risk per Sievert (0.05 Sv−1) [28].

 Gamma Index (Iγ)

The European Commission (1999) [21] suggested an index named as the gamma 
index (Iγ) in order to provide the guidelines of the European Commission for build-
ing materials usage. According to the European Commission (1999), the exemption 
criterion of gamma dosage is 0.3 mSv y−1, while the upper limit criterion stands at 
1 mSv y−1. The upper limit has been applied by numerous countries as a control 
limit [29]. The gamma index, Iγ, was defined in Eq. (6):

 
I

A A A
γ = + +− − −

Ra Th K

Bq kg Bq kg Bq kg300 200 30001 1 1

 
(6)

where ARa, ATh, and AK are the activity concentrations of 226Ra, 232Th, and 40K, respec-
tively, in Bq kg−1.
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 External Radiation Hazard (Hex)

External radiation hazard, Hex, has been accepted as a limit value of unity in order 
to be nonhazardous. It is given in Eq. (7):

 
H

A A A
ex

Ra Th K

Bq kg Bq kg Bq kg
= + +− − −370 259 48101 1 1

 
(7)

where ARa, ATh, and AK are the activity concentrations of 226Ra, 232Th, and 40K, respec-
tively, in Bq kg−1.

 Internal Radiation Hazard (Hin)

Internal radiation hazard, Hin, is shown in Eq. (8). A value ≤1 is favored [30].

 
H

A A A
in

Ra Th K

Bq kg Bq kg Bq kg
= + +− − −185 259 48101 1 1

 
(8)

where ARa, ATh, and AK are the activity concentrations of 226Ra, 232Th, and 40K, respec-
tively, in Bq kg−1.

 Results and Discussion

The measured activity concentrations of 226Ra, 232Th, and 40K of the studied samples 
are shown in Table 1. Water and gypsum have the lowest activity concentrations of 
raw materials for 226Ra, 232Th, and 40K. The highest activity concentrations were 
captured in raw materials: coal (95.00 Bq kg−1) for 226Ra and trass (270.00 Bq kg−1 
and 1990.00 Bq kg−1) for 232Th and 40K, respectively. The studied clinker sample has 
completely lower activity concentrations (16.60  Bq  kg−1, 30.00  Bq  kg−1, and 
380.00 Bq kg−1, respectively) than the lowest activity concentration values of the 
cement samples of this study for 226Ra, 232Th, and 40K.

The least activity value of 226Ra in all cement samples was found in CEM II/A-M 
(P-L) (26.30  Bq  kg−1), while the maximum activity value of 226Ra was in CEM 
II/B-M (L-W)—47.0 Bq kg−1 (Table 1). The value of 226Ra activity in CEM II/B-M 
(L-W) was still lower than both Turkey and Makedonia originated same type of 
cement samples in the literature (Table 2).

The highest activity values for 232Th (87.0 Bq kg−1) and 40K (670.0 Bq kg−1) were 
found in CEM IV/B (P-W), which has higher values than the other Turkish cement 
sample activity concentrations for these two radionuclides in the literature (Table 2). 
The lowest activity levels for 232Th and 40K (39.0 Bq kg−1 and 430.0 Bq kg−1, respec-
tively) were reached for CEM I. These results show that the contents of radium 
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(226), thorium (232), and potassium (40) depend on raw materials used, geological 
site, and geochemical nature. More or less, most parts of cements consist of a clin-
ker. On the other hand, because of their higher activity concentrations, fly ash and/
or trass should be taken into account as main origins of high amount of activity 
concentrations of measured radionuclides in the studied cement samples.

Radium equivalent activity, Raeq, levels of the raw materials and the studied 
cements were given in Table 3; 370 Bq kg−1 was used as a specification reference 
limit to all samples [12]. Raeq values of the raw materials were between 5.00 and 
581.33 Bq kg−1. With 581.33 Bq kg−1 value, only the trass sample was higher than 
the limit value among the raw materials. Meanwhile, fly ash was critical with its 
near critical value, 361.12 Bq kg−1. The intermediate materials were far from the 
limit value as given in Table 3. All the investigated cement samples had the least 
Raeq ranging from 118.88 to 210.00 Bq kg−1; these values are lower than their mild 
Raeq levels.

Absorbed gamma dose rates (DR) in indoor air were scattered between 4.60 and 
494.84 nGy h−1 for the raw materials, 78.67 and 103.64 nGy h−1 for the intermediate 
materials, and 104.90 and 180.58 nGy h−1 for the cement samples (Table 3). Most 
of the raw material values of DR were higher than the world average value 84.00 
nGy h−1. Raw meal was higher, but the clinker was lower than the world average. 

Table 1 Activity concentrations of cement raw materials and cement

Material type
Activity concentration (Bq kg−1 ± relative error)
226Ra 232Th 40K

Raw materials

Fly ash 87.00 ± 8.70 133.00 ± 18.62 1090.00 ± 87.20
Coal 95.00 ± 10.45 72.00 ± 18.00 170.00 ± 85.00
Iron ore 26.90 ± 2.96 148.00 ± 17.76 310.00 ± 34.10
Gypsum 9.90 ± 1.09 <MDA <MDA
Clay 23.70 ± 2.61 106.00 ± 13.78 1470.00 ± 102.90
Limestone 15.60 ± 1.72 12.30 ± 2.83 63.00 ± 14.49
Trass 42.00 ± 4.20 270.00 ± 29.70 1990.00 ± 139.30
Water 5.00 ± 0.55 <MDA <MDA
Raw materials mean 38.14 92.66 636.63
Intermediate materials

Raw meal 37.00 ± 4.07 40.00 ± 8.40 320.00 ± 48.00
Clinker 16.60 ± 1.83 30.00 ± 4.80 380.00 ± 34.20
Int. materials mean 26.80 35.00 350.00
Cement types

CEM I 30.00 ± 3.30 39.00 ± 7.41 430.00 ± 47.30
CEM II/A-W 34.00 ± 3.74 46.00 ± 7.82 460.00 ± 50.60
CEM II/B-M (L-W) 47.00 ± 4.70 71.00 ± 11.36 550.00 ± 55.00
CEM II/A-M (P-L) 26.30 ± 2.89 48.00 ± 7.68 450.00 ± 45.00
CEM IV/B (P-W) 34.00 ± 3.40 87.00 ± 12.18 670.00 ± 60.30
Mean 34.26 58.20 512.00
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Table 2 Comparison of 226Ra, 232Th, and 40K activity concentrations of some cement raw materials 
and cement

Raw materials 226Ra 232Th 40K Ref.

Fly ash

Turkey 87.0 133.0 1090.0 This study
Turkey 232.3 117.1 466.2 [31]
Macedonia 140.0 80.0 540.0 [32]

85.0 129.0 786.0
India 45.1 39.9 88.4 [33]
Bangladeshi 117.8 157.3 1463.3 [34]
Iron (ore/oxide)

Turkey 26.9 148.0 310.0 This study
Turkey 41.6 11.4 152.6 [31]
Egypt 160.5 87.3 121.3 [35]
Saudi Arabia 37.2 28.8 44.8 [36]
Saudi Arabia 21.6 18.6 53.6 [37]
Gypsum

Turkey 9.9 <MDA <MDA This study
Turkey 8.0 11.0 35.0 [38]
Turkey 10.8 3.6 44.5 [31]
Albania 11.8 5.8 66.8 [4]
Saudi Arabia 9.0 6.5 184.8 [37]
Saudi Arabia 7.7 3.3 173 [36]
Bangladeshi 58.4 91.2 1101.1 [34]
Tanzania 9.8 4.4 81 [1]

2.6 3.0 6.3
Pakistan 8.2 16.2 187.7 [39]
Egypt 31.7 55.2 88.7 [35]
Macedonia 5.9 1.44 11.0 [32]
Greece 6.8 <MDA <MDA [40]
Clay

Turkey 23.7 106.0 1470.0 This study
Turkey 26.7 41.8 629.3 [31]
India 63.7 38.6 313.7 [29]
Saudi Arabia 15.8 13.8 70.7 [37]
Saudi Arabia 18.2 22.4 127 [36]
Tanzania 90.7 123.3 137.7 [1]

23.4 43.2 21.2
Pakistan 34.7 41.2 187.6 [39]
Egypt 33.7 68.9 130.7 [35]
Limestone

Turkey 15.6 12.30 63.0 This study
Turkey 16.5 7.7 88.1 [31]
Saudi Arabia 6.2 3.0 155.5 [37]

(continued)
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Table 2 (continued)

Raw materials 226Ra 232Th 40K Ref.

Saudi Arabia 42.8 0.9 <MDA [36]
Tanzania 6.4 15.2 80 [1]

25.2 1.3 13.2
Pakistan 28.4 11.3 63.1 [39]
Egypt 19.7 39.0 61.2 [35]
Greece 6.0 6.6 101.0 [40]
Trass

Turkey 42.0 270.0 1990.0 This study
Turkey 67.9 76.7 681.6 [31]
Clinker
Turkey 16.60 30.00 380.0 This study
Turkey 28.3 15.9 219.0 [31]
Albania 55.5 17.0 160.3 [4]
Bangladeshi 49.8 75.7 856.4 [34]
Saudi Arabia 79.9 7.5 6.1 [36]
Pakistan 51.1 23.2 258.4 [39]
Greece 15.0 14.0 141.0 [40]
Makedonia 31.0 20.0 234.0 [32]
Cement types

CEM I
Turkey 30.0 39.0 430.0 This study
Turkey 34.0 13.0 208.0 [41]
Turkey 29.8 17.5 239.0 [31]
Albania 51.2 16.1 168.8 [4]
India 35.7 37.7 159.8 [29]
Saudi Arabia 11.2 10.0 117.1 [37]
Makedonia 30.0 20.0 222.0 [32]
CEM II

Turkey CEM II/A-W 34.0 46.0 460.0 This study
  CEM II/B-M(L-W) 47.0 71.0 550.0
  CEM II/A-M(P-L) 26.3 48.0 450.0
Turkey CEM II 51.0 18.0 221.0 [41]
Turkey CEM II/A-LL 22.4 12.6 157.1 [31]
Albania CEM II/A-LL 51.0 16.5 150.4 [4]
   CEM II/B-LL 46.2 12.0 133.7
Makedonia CEM II/A-M 45.0 29.0 272.0 [32]
    CEM II/B-M 50.0 34.0 295.0
CEM IV

Turkey 34.0 87.0 670.0 This study
Turkey 45.0 26.0 352.0 [41]
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However, all DR values of the cement samples were more or less higher than the 
world average 84.00 nGy h−1.

AEDE values were calculated in the ranges of 6.64–606.87  μSv y−1, 96.48–
127.10 μSv y−1, 128.65–221.46 μSv y−1 for the raw and the intermediate product 
materials and the studied cement samples, respectively, as given in Table  3. 
Compared to the world average reference value of 480.00 μSv y−1, all AEDE read-
ings were below this value—except trass.

Annual gonadal dose equivalent (AGDE) values varied between 15.45 and 
1883.24 μSv y−1, 296.01 and 382.01 μSv y−1, and 390.74 and 679.10 μSv y−1, for the 
raw and the intermediate product materials and the cement samples, respectively 
(Table 3). The average value of AGDE is 509.91 μSv y−1 for the studied cements.

Table 3 Radiological parameters and hazard indices of cement raw materials and cement samples

Material type
RaEq 
(Bq kg−1)

Dose rate 
(DR) (nGy 
h−1)

AEDE 
(μSv y−1)

AGDE 
(μSv y−1) ELCR Iγ Hex Hin

Raw materials

Fly ash 361.12 313.54 384.53 1167.03 1.35E−03 1.32 0.98 1.21
Coal 211.05 180.20 221.00 647.89 7.73E−04 0.73 0.57 0.83
Iron ore 262.41 212.35 260.42 799.10 9.11E−04 0.93 0.71 0.78
Gypsum 9.90 9.11 11.17 30.59 3.91E−05 0.03 0.03 0.05
Clay 288.47 256.00 313.96 977.89 1.10E−03 1.10 0.78 0.84
Limestone 38.04 32.92 40.38 119.40 1.41E−04 0.13 0.10 0.14
Trass 581.33 494.84 606.87 1883.24 2.12E−03 2.15 1.57 1.68
Water 5.00 4.60 5.64 15.45 1.97E−05 0.02 0.01 0.03
Raw 
materials 
mean

219.67 187.95 230.50 705.07 8.07E−04 0.80 0.59 0.70

Intermediate materials

Raw meal 118.84 103.64 127.10 382.01 4.45E−04 0.43 0.32 0.42
Clinker 88.76 78.67 96.48 296.01 3.38E−04 0.33 0.24 0.28
Int. materials 
mean

103.80 91.16 111.79 339.01 3.91E−04 0.38 0.28 0.35

Cement types

CEM I 118.88 104.90 128.65 390.74 4.50E−04 0.44 0.32 0.40
CEM II/A-W 135.20 118.68 145.55 441.78 5.09E−04 0.50 0.37 0.46
CEM II/B-M 
(L-W)

190.88 165.34 202.77 614.71 7.10E−04 0.70 0.52 0.64

CEM II/A-M 
(P-L)

129.59 113.00 138.58 423.21 4.85E−04 0.48 0.35 0.42

CEM IV/B 
(P-W)

210.00 180.58 221.46 679.10 7.75E−04 0.77 0.57 0.66

Mean 156.91 136.50 167.40 509.91 5.86E−04 0.58 0.42 0.52
370.00a 84.00a 480.00a 2.90E−04 1.00b 1.00 1.00

aUNSCEAR (2000) [20] world average
bCouncil Directive (2014) [42]
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Excess lifetime cancer risk (ELCR) values were obtained between 1.97 × 10−5 
and 2.12 × 10−3, 3.38 × 10−4 and 4.45 × 10−4, and 4.50 × 10−4 and 7.75 × 10−4, for 
the raw and the intermediate product materials and the cement samples, respec-
tively, as given in Table 3. Only water and gypsum remained lower than the limit 
reference value, 2.90 × 10−4. It should be considered that according to their raw and 
intermediate materials’ ELCR levels, all the studied cement sample values were 
higher than the limit level.

The gamma index (Iγ) values were calculated between 0.02 and 2.15, 0.33 and 
0.43, and 0.44 and 0.77, for the raw and the intermediate product materials and the 
cement samples, respectively, as shown in Table 3. Fly ash, clay, and trass were 
higher than the limit value, 1.00. All the calculated samples for the raw and interme-
diate materials were stayed lower levels for this parameter. The samples’ Iγ values 
were below the reference point.

External radiation hazard (Hex) values were found between 0.01 and 1.57, 0.24 
and 0.32, and 0.32 and 0.57 for the raw and the intermediate product materials and 
the cement samples, respectively, as presented in Table 3. The limit reference value, 
1.00, was only exceeded by trass among the raw and the intermediate materials. Fly 
ash drew attention on the boundary of the reference limit. Comparing the Hex results 
of the samples, their Hex values were below the standard limit.

In the latter of radiation hazard indices, internal radiation hazard, Hin, values 
were found between 0.03 and 1.68, 0.28 and 0.42, and 0.40 and 0.60 for the raw and 
the intermediate product materials and the cement samples, respectively, as given in 
Table 3. The limit reference value, 1.00, was only exceeded by trass and fly ash 
among the raw and the intermediate materials. All the cement samples of this study 
were lower than the limit value.

 Conclusions

In this study, cement factory raw materials, intermediate materials, and five differ-
ent types of cement samples were investigated to determine the activity concentra-
tions of their natural radionuclides and evaluated using some important radiation 
parameters, such as radiation indices. Gamma-ray spectrometry method was used to 
determine the activity concentration. Results indicated an average of 34.26 Bq kg−1, 
58.20 Bq kg−1, and 512.00 Bq kg−1 in 226Ra, 232Th, and 40K, respectively. Radium 
equivalent activity (Raeq) levels of the investigated cements varied between 118.88 
and 210.00 Bq kg−1, which were below the allowable concentration of 370 Bq kg−1. 
The DR for the selected samples were between 104.90 and 180.58 nGy h−1, which 
were higher than the world average value of 84.00 nGy h−1. Annual effective dose 
equivalent (AEDE) values for the cement samples were in the range of 128.65–
221.46  μSv y−1, which were all lower than the world average reference value 
480.00 μSv y−1. Annual gonadal dose equivalent (AGDE) values varied between 
390.74 and 679.10 μSv y−1, and the mean value was 509.91 μSv y−1 for the cement 
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samples. Excess lifetime cancer risk (ELCR) values of the studied cements were 
between 4.50 × 10−4 and 7.75 × 10−4. All the studied cement sample values were 
higher than the limit level of 2.90 × 10−4. The gamma index (Iγ) values of the cement 
samples were between 0.44 and 0.77. All the cement samples’ Iγ values were below 
the standard limit value, 1.00. External radiation hazard index (Hex) values of the 
samples were in a range of 0.32 and 0.57. The internal radiation hazard index (Hin) 
values of the investigated cements were found between 0.40 and 0.60, which were 
lower than the limit value, 1.00.

This study shows that the raw materials could be effective on the natural radia-
tion levels and amounts of the related parameters. Especially, levels of radionuclides 
of trass and fly ash are important among the raw materials of the investigated 
cements. Coal as fuel of cement production has also importance because of high 
amount of radionuclide content. Consequently, natural radioactivity levels of the 
product cements could be mainly affected by the raw materials related to their geo-
logical locations. When trass and/or fly ash added into the cement content, they 
could be effective constituents of natural radioactivity levels of the produced 
cements. Coal should be taken into account regarding the natural radioactivity eval-
uations. It can be stated that in order to decrease the natural radioactivity level of 
cements, raw material and fuel should be selected from lower radioactive originated 
locations and sources, considering the economic conditions, as well.
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Ecological Footprint Calculation

Emine Elmaslar Özbaş, Selda Yiğit Hunce, Hüseyin Kurtuluş Özcan, 
and Atakan Öngen

Abstract Ecological footprint is a method that was created to calculate the load for 
nature of a specific population, and it also calculates the biological effective and 
water-containing areas which are required to obtain renewable sources for the use of 
people. The data obtained by the ecological footprint resource accounting provides 
guidance for strategic decisions on resource management. Many studies exist in the 
web area in order to calculate the ecological footprint automatically after entering 
the data. In this study, the questions in a web site were asked to people living in 
Istanbul in different age intervals. It was observed that the percentages of the com-
ponents constituting the ecological footprints calculated for three different age 
ranges (three different age ranges between individuals aged 50 and below) varied 
according to the age ranges. In addition, the values of ecological footprints accord-
ing to the education and income levels were examined for the male and the female 
individuals. For all the age ranges, it can be said that the ecological footprints of 
individuals with high economic income are higher than those with low economic 
income. Also, the ecological footprint of the males of the same income level is 
higher than the ecological footprints of the females.

Keywords Ecological footprint · Age · Income rate

 Introduction

Human activities create ecological pressures such as pollution and resource deple-
tion, and it leads to the changes in the ecosystems [1]. Climate change, pollution, 
and decrease in biodiversity can be listed as the main resulting environmental effects; 
however, changes in the ecosystems have several different environmental impacts in 
addition to the listed main impacts. Developing countries having relatively poor and 
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vulnerable populations are primarily affected from the results (e.g., water shortage) 
of that kind of environmental changes [2, 3].

In the recent past, various tools have been suggested with different characteris-
tics that will enable us to measure the pressure created by human activities and 
development trends and to ensure the prosperity of the future generations [4]. EC 
measurement is one of the well-accepted tools among them. The term ecological 
footprint (EF) was firstly introduced in 1992 by Canadian ecology economist 
William Rees and then developed by Wackernagel [5, 6]. EF is a method that was 
created to calculate the load for the nature of a specific population, and it also cal-
culates the biological effective and water-containing areas which are required to 
obtain renewable sources for the use of people [5–7]. The data obtained by EF 
resource accounting provides guidance for strategic decisions on resource manage-
ment. This can play a key role in getting greater success and financial security of a 
country [8]. EF has been determined as a simple but effective method to identify the 
environmental impact [9, 10].

The Ecological Footprint Atlas [11] reveals that human demands and activities 
have exceeded the earth’s biocapacity, and an ecological overshoot started in 1970s 
[3–12]. In simple terms, the EF value measures how quickly human activities con-
sume the resources of the nature, and it is generally presented in conjunction with 
biocapacity. The biocapacity is a means of measuring the bio-productivity of the 
nature and represents the biosphere’s regenerative capacity [13–18].

The major benefits of EF are the following: its calculation is not complex, it 
gives an idea by using the past data, it gives a chance to compare the data of a cho-
sen sample area worldwide, and it has a standard measure by means of units of land 
per capita [19]. The major drawbacks of using EF to determine environmental 
impacts are the following: it neglects the technological (environmental friendly or 
not) changes between the compared ones, it is a statistical measure, it ignores the 
underground sources such as water, and it ignores the flows in or out of the sample 
area [18–20].

In this study, the questions in a web site were asked to people living in Istanbul 
in different age intervals to calculate the EF values. Three different age ranges 
between individuals aged 50 and below were evaluated to compare the EF values 
variation among young and mature people. The data of the female and the male 
individuals were interpreted separately. Also, education and income levels were 
examined in order to determine the effect of spending habits on EF.

 Material and Method

The calculation of EF is an area of expertise that requires a detailed study. Many stud-
ies exist in the web area in order to calculate EF automatically after entering the data. 
In this study, the questions in the web site [21] were asked to people living in Istanbul 
and having different age intervals. The given answers were employed to the survey 
form in the same web site, so the EF of individuals surveyed were calculated.
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The frequency of consumption of animal products (red meat, poultry, fish, eggs, 
milk) and the type and quality of consumed food (processed, packaged, imported 
products) were asked regarding the food footprint. Due to the need for more biologi-
cal productive space in the production process compared to the plant products, ani-
mal products have been used to calculate the food footprint.

The amount of garbage produced by the individual compared to his neighbor was 
questioned for the calculation of the waste footprint. There was only one question in 
this subject. The reason is to avoid double counts by taking into account the amount 
of waste produced in food, housing, and transportation footprints.

The housing footprint questions were about the size of the housing in question, 
the quality, the number of people living in the house, and the use of electricity. The 
size of the residence in terms of square meters and its ratio of the number of the 
individuals living there were related to the amount of usable space. The more people 
living per square meters results in smaller EF. Mass housing, dormitory, apartments, 
and detached house with garden have EF values increasing, respectively. Having 
electricity and water network in the housing is an element that increases the EF in 
terms of energy consumption and the usage of biological productive area.

Transportation footprint was calculated by the data of the use of public transport, 
the use of special vehicles, the average length of road travel per week, the fuel con-
sumption of the vehicle used, and the annual airline use. While the use of public 
vehicles reduces the EF, the use of special vehicles and airline increases the EF as 
the excess amount of road travel creates air and noise pollution and increases the 
need for asphalt road construction.

The housing, food, transportation, and waste footprints of each individual and 
how many planets are required for the individuals to maintain their consumption 
patterns were obtained based upon the automatic calculation of the program. 
Figure 1 shows the location of the city of Istanbul in Turkey.

Fig. 1 The location of Istanbul in Turkey [22]
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 Results

The EF survey results of individuals are given in Table 1 according to 16–20, 21–35, 
and 36–50 age intervals. The EF values of the age intervals are presented in Table 2 
according to the income rates. The values in the “travel” subcategory have reached 
to high levels for the individuals in the 16–20 age range, most of whom were stu-
dents. Owing to the fact that the travel time cannot be changed in eco-hint options, 
it is found that the EF values were not decreased adequately. When the EF based on 
the income rates of the individuals in the 16–20 age range was examined, it was 
seen that EF value increased with the increase in the income rates.

In the individuals in the 21–35 age group, the majority of whom consisting of 
students, a reduction in travelling rates was not determined resulting from the living 
requirements of Istanbul. In the other subcategory, it was found that the technologi-
cal equipment purchasing rates had an increasing effect. It was seen that the high 
rates of technological equipment purchasing had an increasing effect on EF espe-
cially for the participators in the 30s age range. When the EFs of the female and the 
male in the 21–35 age range were compared based on financial situation, it was 
observed that the value of EF increased with the increase in the income rate.

When the EFs of individuals in the 36–50 age range were examined, it was seen 
that the EF hints were not useful for this age group who were constantly renewing 
their homes and often buying furniture and technological equipment. It was also 
seen that the EF value increased with the increase in the income rates in this group 
too, as the others. The total EF values for 2013 are given in Table  3 for some 
countries.

Table 1 The variation of EF values and the contribution of consumption elements forming EF

Age
Food 
(%)

Travel 
(%)

Home 
(%)

Others 
(%)

Carbon footprint 
(ton/year)

Ecological footprint (number 
of planet Earths)

16–
20

20.3 28.7 21.5 29.6 12.554 3.07

21–
35

21.1 29.1 17.5 32.3 10.778 2.716

36–
50

22.1 22.2 19.6 36.1 13.41 3.034

Table 2 EF values of different age intervals according to income rates

Age

Income 
rate 
(TL)

Ecological 
footprint 
(number of 
planet Earths) Age

Income 
rate 
(TL)

Ecological 
footprint 
(number of 
planet Earths) Age

Income 
rate 
(TL)

Ecological 
footprint 
(number of 
planet Earths)

16–
20

400–
1200

2.23 21–
35

400–
1200

2.56 36–
50

400–
1200

1.98

1200–
2000

2.93 1200–
2000

2.59 1200–
2000

2.3

>2000 3.86 >2000 2.82 >2000 4.22
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In the total EF assessment, Turkey has the 15th place in the list of countries hav-
ing the largest total EF with the 2430.73 × 105 GH value (according to the assess-
ment held in 2013) [23].

The value of EF which was 0.73 number of planet Earths (6984.54 × 106 global 
hectares) in 1961 increased to 1.68 number of planet Earths (2060.28 × 106 global 
hectares) in 2013. As stated in the related literature, the EF value which was 0.48 
number of  planet Earths (4228  ×  104 global hectares) in 1961 for Turkey has 
increased to 1.87 number of planet Earths (2430.73 × 105 global hectares) in 2013 
[24]. According to the biocapacity values, it is seen that the global biocapacity value 
was 3.12 global hectares per person in 1961 and it increased to 1.71 global hectares 
per person value in 2013. For Turkey, it is stated that the biocapacity value of 2.64 
global hectares per person in 1961 was decreased to the value of 1.47 global hect-
ares per person in 2013 [24]. When the trend between 1961 and 2013 was examined, 
it can be seen that the worldwide value of EFs has rapidly increased in comparison 
with the biocapacity and ecological deficit has emerged. It can be said that the eco-
logical reserve has decreased rapidly. The similar trend seems to be valid also for 
Turkey.

When the EF was assessed according to the different age groups, the EF value of 
individuals in the 16–20 age group (3.07 number of  planet Earths) in 2013 was 
observed as approximately two times higher than the Turkey’s average EF (1.87 
number of planet Earths) value (Table 1). When the EF values for the age groups are 
evaluated in general, the average EF for the sample of this study was calculated as 
2.94 number of planet Earths. This value is still quite above the 1.87 which is the 
average number of planet Earths of Turkey.

When the income level and age groups were evaluated together, the average EF 
value was found as 4.22 number of planet Earths for the 36–50 age group having an 
income over 2000 TL.  The average EF value for the same age group having an 
income of 400–1200 TL was determined as 1.98 number of planet Earths (Table 2). 
This is the lowest EF value in terms of the combined assessments of the income 
level and the age group. These values are also over the average of Turkey (based on 
2013 values).

Table 3 Total EF values for some countries [23]

Country
Total ecological footprint (2013) (×105 global 
hectares)

Dominica 1.62 (the smallest total EF in 2013)
China 50096.54 (the largest total EF in 2013)
United States of America 27245.96
Australia 2048.38
Canada 3084.62
United Kingdom 3229.76
Indonesia 3637.59
Italy 2693.33
Turkey 2430.73
Spain 1871.29
Iran 2317.62
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When the income rate is considered, it is seen that the EF values of the females 
were higher than those of the males (2.68 number of planet Earths for females, 2.32 
number of planet Earths for males) for the people having 400–1200 TL income. The 
average EF values calculated for the other two income levels were higher for the 
males than the females (Table 4).

According to the values of EFs based on education levels, it was determined that 
EF values also increased by the level of education (Table 5). It was seen that the 
values of EF were found higher for the female individuals for the surveyed group 
having only primary and secondary school graduation. The EF values for the pri-
mary school graduates were 2.35 number of planet Earths for the females and 1.98 
number of planet Earths for the males; also for the secondary school graduates, the 
values were 2.36 and 2.27 number of planet Earths for the females and the males, 
respectively. The males graduated from high school and university had higher EF 
values than the females of the same educational level. The reasons for the increment 
in the EF values by the level of education can be listed as follows: the level of 
income of the people generally ascends by the level of education, people having 
higher income rates tend to spend more money especially for the imported luxury 
products, the possibilities of possessing cars and carrying out their daily travel with 
these vehicles are increasing as the purchasing power rises, and fewer people live in 
larger houses as the level of income increases.

When the results were evaluated, the EF values of the people living in Istanbul 
were found quite higher than the overall average EF values of Turkey. Turkey’s 
population in 2016, which is the year that this study was carried out, was 78,945,645, 
and the population of Istanbul in the same year was 14,804,116. In addition, the 
population density of Istanbul was 2849 capita/km2 [25]. Approximately 20% of 
Turkey’s population lives in Istanbul. In a city with such a high population, trans-
portation is a big problem, and people spend a lot of time in traffic. According to 
Table 1, it can be seen that the travel-induced EF constitutes a large part of the total 
EF value. In addition, Istanbul has the highest gross national product among the 
other cities of Turkey [25]. Considering all these data, it can be said that the EF 
value of Istanbul is higher than the average value of Turkey, as expected.

Table 4 EF values (number of planet Earths) based on income rate and gender

Income level 400–1200 TL 1200–2000 TL >2000 TL

Female 2.68 2.54 3.34
Male 2.32 2.90 3.92

Table 5 EF values (number of planet Earths) depending on the level of education and gender

Education level Primary school Secondary school High school University

Female 2.35 2.36 2.64 3.21
Male 1.98 2.27 2.87 3.63

E. E. Özbaş et al.
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 Conclusion

In this study, three different age intervals were chosen, and the results of these age 
intervals were discussed according to the income rates. The EF test provides an 
awareness about the destructive and impoverishing effects of the liberal economic 
policies that are rapidly depleting the planet’s resources and forcing the carrying 
capacity.

According to the results obtained from this study, the values of EFs differ depend-
ing on the income level and age groups. It has been seen that the EF value is 
increased by the increase in the economic income for all age groups surveyed in this 
study.

Another result obtained from this study was that the EF values of people living 
in Istanbul were found to be notably higher than the mean EF value of Turkey. This 
situation can be explained by the fact that the population density of Istanbul is 
higher than the others, the hours spend in traffic is longer than the others due to the 
heavy traffic, and the income levels of the people living in Istanbul are higher.

In addition, the results show that there is a difference between the values of EFs 
of the female and the male of the same income and education level. Although the EF 
values increase with the increase in the income level for both genders as a general 
trend, the EF of the males of the same income level was higher than the EF of the 
females. Actively driving of the males was more than the females, and traveling 
longer distances during the day can be considered as a possible cause of this trend. 
When the data was examined based on the education levels, it was seen that the EF 
values of the individuals also increased as the education levels increased. It is related 
with the increase in the economic income by the level of education and the increase 
in the consumption habits depending on the income and the education level.
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Black Carbon Aerosols in Urban Air: 
Sources, Concentrations, and Climate  
Change
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Abstract Black carbon (BC) is one of the key atmospheric aerosol components of 
locomotive air quality and climate change. BC has the capacity to absorb light 
across all visible wavelengths; it reradiates solar radiation as heat, inducing a cli-
mate warming effect. Due to its shorter lifetime in the atmosphere compared to 
carbon dioxide, it is an excellent target for emission reductions. BC is a specific 
marker of primary combustion of fossil fuel and biomass. BC concentrations in 
urban areas are variable; in developed countries, motorized transport vehicles are 
considered to be the most important source of BC, whereas in developing countries, 
biomass burning may be important. The interest of policy makers in BC was rise up 
owing to arising evidence on health effects and the impact of BC on global warm-
ing. The authors present here a general knowledge on BC to clarify its sources, 
concentration levels, effect on climate change, and adverse health effect.

Keywords Black carbon · Sources · Urban areas · Traffic

 Introduction

Black carbon is sourced from combustion processes such as fossil fuel burn, gaso-
line and diesel engines, and coal-fired power plants [1]. BC is a component of fine 
particles that is generated from the incomplete combustion. The type of combustion 
and fuels affects the BC production. The significant amounts of BC are produced by 
diesel combustion, while small amount of BC occurs with the combustion of natural 
gas. Depending on the combustion efficiency and fuel type, BC is co-emitted with 
organic carbon (OC) in the different ratios [2–5]. BC is different from other forms 
of carbon compounds included in atmospheric aerosols for it is insoluble in water 
and in organic solvents and it is refractory [2, 6]. The solar radiation can be absorbed 

B. Onat · Ü. A. Şahin (*) · B. Uzun 
Department of Environmental Engineering, Istanbul University- Cerrahpaşa, Istanbul, Turkey
e-mail: ulkualver@istanbul.edu.tr

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95888-0_16&domain=pdf
mailto:ulkualver@istanbul.edu.tr


188

by BC at all wavelengths [7]. BC is always spread to atmosphere along with inor-
ganic gases and OC [2, 8]. OC, one of the carbon fractions in particulate matter 
(PM), has cooling effect different from BC [3, 4]. BC is one of the most important 
pollutants which contribute significantly to global warming after carbon dioxide 
(CO2) [8, 9]. In consequence of the adverse health effects and to be significant con-
tributor to global warming of BC, government agencies have advanced various 
strategies for decreasing BC emissions [10, 11]. Government reports of European 
Commission countries and United States (USA) emphasized the importance of hav-
ing the good-quality data on BC emission sources to apply efficient air quality poli-
cies [10, 12, 13]. To improve air quality and to develop mitigation strategies for BC 
emissions require an advanced understanding of BC’s sources in urban areas, spatial 
patterns, and the effect of transport.

 Black Carbon Sources

Black carbon is a primary pollutant spreaded from uncompleted combustion and is 
connected with a kindly of different major sources [14] such as transport, electricity 
generation, residential heating, cooking, and biomass burning such as agricultural 
burning and wildfires [2, 10, 15].

The total global BC emissions are guessed to be approximately 7600 Gg (8.4 mil-
lion tons) for 2000. Figure 1 shows that the major BC emissions in the world are 
within the four major categories: these are open biomass burning (including wild-
fires), transport, domestic, and industry. The greatest amounts of BC are produced 
in the South and Central America, parts of Africa and Asia. The use of solid fuels for 
heating in developing countries (such as Asian and African) accounts for 60–80% of 
total energy-related BC emissions [2]. BC resources in developing countries are 
quite dissimilar than in the United States [16]. For the United States, the major BC 
emissions are inside of the four main (52%), domestic/residential (3.6%), and 
energy (6.8%) [15, 16].

Wildfires cause significant biomass BC emissions [17, 18], typically in the sum-
mer months in Canada [19]. Wood combustion for domestic heating has been esti-
mated as the second largest BC source in Canada after transportation [20]. Wildfires 
were estimated as main contributor (83%) of the total BC in Russia [5].

Because of the adverse health effects, the BC source apportionment studies have 
been focused on the BC fraction of atmospheric particulate matter. The major pre-
ferred methods used for BC source apportionment are the aethalometer model, 
radiocarbon method, and macro-tracer method [12, 21–23]. These methods allow to 
be obtained the BC emissions within two categories as fossil fuel combustion and 
biomass burning. The studies conducted in Europe showed that the major BC source 
was fossil fuel combustion, and also biomass burning was a significant contributor 
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in time at rural areas. The forecast of more clarified BC source contribution can be 
possible with the chemical mass balance (CMB) and positive matrix factorization 
(PMF) models which are valid methods among US studies. In developing countries 
such as China and India, lots of BC source apportionment studies have been con-
ducted [24–26]. Considering the anthropogenic BC emissions in the global scale, 
China is the largest BC emitter because of the results of urbanization and economic 
growth [27, 28]. In Beijing, coal combustion and biomass burning were the main 
sources of BC, accounting for 61–83% [29].

Diesel engines are in change of more than 90% of BC emissions sourced from 
road transportation; even diesel engines are responsible for 70% of total BC emis-
sions in some countries [30, 31]. The diesel vehicles have been guessed to be the 
most important BC source in Canada [20]. Traffic emissions are predominant source 
of carbonaceous aerosol in Madrid [32–34].

Energy/Power; 6,8

Energy/Power; 0,7

Industry; 1,0

Industry; 19,3

Transport/Mobile;
52,3

Transport/Mobile;
19,0

Residential/Domestic;
3,6

Residential/Domestic;
25,1

Open Biomass
Burning
(Includes

Wildfires);
35,3

Open Biomass
Burning
(Includes

Wildfires);
35,5

Other; 1,1

Other; 0,5

(a)

(b)

Fig. 1 Black carbon emission inventories for (a) the United States (year 2005 data) [16] and (b) 
global (year 2000 data) [15]
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 Black Carbon Concentration in City Atmosphere and Traffic 
Sites

In recent years, there has been an increase in the number of studies conducted on the 
regional scale of BC (Table 1). Studies show that the BC concentrations change 
according to the region. The anthropogenic activities are the main sources of BC in 
cities [35]. BC concentration increases both during winter and summer as a result of 
domestic heating and agricultural waste burning. BC concentration was observed to 
be higher during daytime in Shanghai and changed between 0.3 and 11.4 μg/m3 
[36].

Meteorological parameters affect the dispersion of BC in rural and urban areas. 
Wind speed was an important meteorological parameter to BC dispersion in the 
atmosphere [36]. Bhat et al. found that there was a significant negatively linear rela-
tion between BC and wind speed (r = −0.63), temperature (r = −0.51), and total 
precipitation (r = −0.55) [37].

Shores et al. [38] reported that BC concentration at Mexico border cities was 
between 0.8 and 2.2 μg/m3 and found a significant correlation between BC and CO 
at the Mexican sites suggesting that traffic is a predominant source [38].

Table 1 Previous studies on BC in the urban/rural area

Location Site type BC (μg/m3) Season Reference

Beijing/China Suburban 9.3 Annual [35]
New York/United States Urban 0.52–0.76

4.0–10.0
Annual
Daily

[44]

Otay mesa/United 
States

Rural 0.8 June–July [38]

Parque Morelos/
Mexico

Urban 2.2 June–July [38]

El Trompo/Mexico Urban 1.7 June–July [38]
Beijing/China Urban 12.3 

(summer)
17.9 (winter)

August–December [39]

Istanbul/Turkey Traffic area 6.05–9.92 Winter [42]
Istanbul/Turkey Traffic area 6.06/6.96 Summer/winter [43]
Shanghai/China Urban 2.3 Annual [36]
Beijing/China Urban 1.3–6.1 January [40]
Himalaya/India Urban 6.0 Annual [37]
Karachi/Pakistan Urban 2.2–12.5 January 2007–June 

2016
[41]

Madrid/Spain Traffic urban 
area

3.7 Annual [8]

Rural area 2.6 Annual
Beijing/China Urban 5.3 Hourly [29]
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BC concentrations may differ according to the seasons. Bhat et al. [37] found 
that the annual average concentration of BC in northwestern Himalaya was 6.0  μg/
m3 and BC concentration measurement was highest in autumn and lowest in 
spring. They found that the BC emissions sourced from biomass burning during 
autumn, spring, and winter seasons were equal to BC emissions sourced from fos-
sil fuel and biomass burning during summer season [37]. In Ontario, Canada, the 
BC emissions sourced from vehicular traffic were determined to be major source 
of BC and the highest BC emission levels observed in the highway site [14]. 
Becerril-Valle et al. found that the BC concentrations were 3.7 μg/m3, 2.3 μg/m3, 
and 2.6 μg/m3 at the traffic urban site, at the urban background, and in the rural 
area, respectively [8].

Several studies have been conducted on BC aerosol in Beijing, focusing on its 
temporal variation, size distribution, and source apportionment (Table 2) [29, 35, 
39, 40]. In Beijing, the mean BC concentrations were 17.9 μg/m3 in winter and 
12.3 μg/m3 in summer near road site [39], ranging from 6.1 μg/m3 [40] to 35.33 μg/
m3 [29] during the hazy conditions and 1.3 μg/m3 during non-haze periods [40].

Table 2 BC exposure concentrations in travel modes

Location
BC (μg/m3) Reference
Car Bus Subway Bicycle Walk

Arnhem, 
Netherlands

8.2 (diesel)
9.3 (gasoline)

9.0 
(diesel)
5.1 
(electric)

– 5.3 (low 
traffic)
6.6 (high 
traffic)

– [50]

Barcelona/Spain 16.7 7.0 – 8.5 5.7 [51]
Flanders/
Belgium

6.4 6.6 5.1 3.2–3.6 3.2–3.6 [48]

Thessaloniki/
Greece

Route 1
9.0 (windows 
open) 4.2
(windows 
closed)

Route 1
7.4

– Route 1
10.5

– [56]

Shanghai/China – 7.3 9.4 6.6 5.6 [57]
Barcelona/Spain – 5.5 7.0 – 4.4–9.6 [58]
Queensland/
Australia

4.4 (windows 
open)
1.7 (windows 
closed)

2.4 – 1.0 1.2 [59]

London/England 4.4 (GMa) 5.6 (GMa) – – 3.1 
(GMa)

[60]

Sacramento/
California

0.50 0.95 0.25 (light 
rail)

0.71 – [61]

aGeometric means
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BC concentrations in the metropolitan cities are variable. In Karachi BC concen-
tration ranged from 2.2 to 12 μg/m3 [41]. In different traffic areas of Istanbul, BC 
concentrations were observed between 6.05 and 9.92 μg/m3 [42] and between 6.06 
and 6.96 μg/m3 [43]. In New York, BC daily mean concentration ranged from 4.0 to 
10.0 μg/m3, while the annual average BC was between 0.52 and 0.76 μg/m3 during 
2007–2010 period [44]. BC should not be thought as an only local pollutant during 
the arrangement of the policy decisions about air quality in future [14]. The forward 
trajectory analyses showed that any regional air quality management strategies 
should be arranged taking into account BC contributions from the border area [37, 
38, 45].

In developed countries, motorized transport and mainly diesel vehicles are con-
sidered to be the most significant sources of BC, whereas in developing countries, 
biomass burning may be important [46–48].

People can be exposed to high concentrations of BC during travelling in trans-
port vehicles [49–52]. In high vehicle density urban areas, commuting is considered 
as one of the high-exposure periods among various daily activities [53]. Personal 
monitoring studies showed that the transport activity can be responsible for quite a 
large part of integrated personal exposure to combustion-related pollutants [54, 55].

Measurements of personal exposure to BC have been reported recently in differ-
ent transport modes [48, 50, 51, 56–61] (Table 2). The travel modes (i.e., the trans-
port system, technology, or energy source), characteristics of the path traveled (i.e., 
street configuration, micrometeorology, or traffic loads), and commuting time might 
influence the BC exposure [62]. Car and bus commuters are exposed to higher levels 
of BC than commuters cycling and walking [48, 50, 57, 59, 60], but the lowest BC 
concentrations were observed in the electric buses [50, 59]. Also, the ventilation 
mode of vehicle is a significant factor that affects the in-vehicle BC concentrations. 
In some studies, the measurements were made in car for two situations: windows 
open and windows closed. When the windows were open, people were exposed to 
higher BC concentration [51, 56, 59].

In subway, the average BC concentrations ranged from 5.1 to 9.4 μg/m3 [48, 57, 
58]. Some factors may affect pollutant exposure levels in subway wagons such as 
service time, ventilation, passenger numbers, platform screen doors, driving condi-
tions, etc. [63].

 Black Carbon and Climate Change

Black carbon (BC) aerosols play a major role in regional as well as global climate 
by interacting with the solar radiation, modifying the cloud properties (affect cloud 
droplet number concentrations and cloud microphysical properties), decreasing pre-
cipitation, and reducing the snow albedo [7, 64–66].

BC has the capacity to absorb light across all visible wavelengths [6, 67, 68], so 
it reradiates solar radiation as heat, inducing a climate warming effect [69]. Because 
of these effects and its shorter lifetime in the atmosphere compared to carbon diox-
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ide, it is an excellent target for emission reductions [70]. In addition, the BC particle 
deposits in the Arctic cause a decrease of the Earth’s ability to reflect the solar radia-
tion and hastening melt [1].

The knowledge of the relative contributions of the different sources of BC is 
required to investigate their respective climate impacts. Assessing these impacts 
remains difficult, however, compounded by the role of BC in cloud formation, 
which is in turn dependent upon its size and internal mixing with other chemical 
species [14, 71, 72]. Globally averaged direct radiative forcing due to BC is esti-
mated as 0.9 W/m2 (0.4–1.2 W/m2) by Ramanathan and Carmichael (2008) and 0.60 
(with uncertainty of −61 to +70%) W/m2 by IPCC (2013) [7, 73, 74].

Bond et al. estimated the industrial-era radiative forcing of BC as +1.1 W/m2 
(+0.17, +2.1), while Myhre et al. estimated the direct radiative forcing (RF) over 
1750–2010 of +0.4 (+0.05, +0.8)  W/m2 for fossil fuel and biofuel BC and +0.2 
(+0.03 + 0.4) for biomass burning BC [2, 75]. UNEP and WMO (2011) have esti-
mated that implementation of proposed BC and CH4 control measures by 2030 
could prevent up to 0.5 °C of additional warming by 2050 [8].

The global emission of BC in 2007 was estimated to be ~8.7 Tg/year, and of this 
1.6 Tg/year was from industry, 2.8 Tg/year from residential/commercial sectors, 
and 1.5  Tg/year from transportation [76]. The Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC) suggests that the direct radia-
tive forcing of BC aerosol is +0.6 W/m2: +0.4 W/m2 of that is due to emissions from 
the burning of fossil fuels and biofuels [7]. Bond et al. estimated a larger BC direct 
radiative forcing effect of +0.71 W/m2, with +0.51 W/m2 from fossil and biofuel 
emissions and + 0.2 W/m2 from biomass burning [2, 77].

 Health Effects of Black Carbon

As a constituent of PM2.5, BC is responsible for respiratory and cardiovascular dis-
eases [78–81]. However, there are limited monitoring data on BC for epidemiologic 
analyses [78], especially in developing countries [82]. BC is a better indicator of air 
pollution health effects than ambient PM2.5 based on more consistent and stronger 
associations from epidemiological studies [12, 83, 84].

BC is also of concern from a human health perspective, with epidemiological 
evidence linking exposure to BC with cardiopulmonary hospital admissions and 
mortality [84]. BC is associated with lung cancer, cardiopulmonary, cardiovascular, 
and all-cause mortality [83, 84].

Health outcomes associated with BC include cardiovascular effects [85–87], 
respiratory effects [88, 89], and mortality [90]. Some of these effects can be demon-
strated at ambient concentrations below 1 μg/m3 [85, 86, 91].

A number of studies have reported a strong association between BC and road 
traffic [92–94] and biomass burning [95] emissions. While BC aerosols are not the 
only cause of adverse health effects due to particles, they are a major factor, spe-
cially the ultrafine BC. Indeed, the recent WHO report concludes that “combustion- 
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derived aerosols are particularly significant in terms of their health effects” [96]. 
Recently, emissions from diesel vehicles have received significant attention. Diesel 
vehicles are a source of particulate and black carbon (BC) emissions. BC, a product 
of incomplete fuel combustion, has adverse effects on human health, including 
respiratory diseases and lung cancer [97]. Recent epidemiological results for BC 
suggest that health effects per mass may be up to 10 times higher than PM10 [80].
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Climate Change and Greenhouse Gases 
in Turkey

Ülkü Alver Şahin, Burcu Onat, and Coşkun Ayvaz

Abstract Within the course of significant changes in the history of humankind, the 
Industrial Revolution, together with the developments in science and technology, 
resulted in increases in the world population, which led to increases in anthropogenic 
greenhouse gas emissions and concerns for human welfare. As a result, the 
composition of the atmosphere has changed, creating a change in the global climate. 
According to the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change, this change will severely diminish the impact of the struggles for 
sustainable development. Turkey is located in the Mediterranean Basin, which will 
be the region affected most from climate change, the first impact of which will be 
severe drought. Climate change will significantly influence water, agriculture, and 
energy sectors. Because of steady population growth and intensive industrialization, 
total greenhouse gas (GHG) emissions in Turkey steadily increased from 1990 
through 2015. The energy sector in Turkey accounted for 67.8% of total GHG 
emissions, followed by industrial processes at 15.7%, agriculture at 10.8%, and 
waste at 5.7%. According to the modeling results covering between 2016 and 
2099 in Turkey, especially in summer, an increase in the mean temperature between 
1 and 4 °C is expected throughout different areas of the country.

Keywords Climate change · Greenhouse gases · CO2 · Turkey

 Introduction

The first studies on climate change were done 150 years ago. In 1859, John Tyndall 
announced that changes in water vapor and carbon dioxide (CO2) would lead to 
climate change. In 1896, global warming directly caused by anthropogenic CO2 was 
calculated by Svante Arrhenius; however, in 1938, Guy Stewart Callendar introduced 
for the first time that the earth was gradually warming. Approximately 30 years 
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later, in the beginning of 1970s, it was discovered that artificial chlorofluorocarbons 
(CFCs) were depleting the stratospheric ozone (O3) layer and that CFCs, methane 
(CH4), and O3 were causing the greenhouse effect. In 1977, scientists asserted that 
the most crucial problem of the next century would be the global climate changes 
and their aftermath. In 1987, several countries signed the Montreal Protocol on 
Substances that Deplete the Ozone Layer, which set restrictions on the use of O3- 
depleting gases. By the 1990s, it had been discovered that atmospheric aerosol has 
a cooling effect. Based on this, it was accepted that greenhouse gases (GHGs) are 
positively correlated, and atmospheric aerosols are negatively correlated, with a rise 
in the global temperature [1].

 Greenhouse Effect and Greenhouse Gases

Radiation from the sun to the earth comes in very short wavelengths within the vis-
ible spectrum and is also a factor that affects the earth’s climate. The change in the 
sun–earth radiation balance can happen in the following three different ways: (1) 
alterations in earth’s orbit or sun, which consequently lead to changes in the amount 
of the radiation that reaches the earth; (2) changes in the reflection of solar radiation, 
known as “Albedo” (factors such as cloud cover, atmospheric particulates, and plant 
cover); and (3) changes in the back-reflected long-wave radiation from the earth to 
space, such as the changes resulting from alterations in GHG concentrations. These 
changes affect earth’s climate both directly and indirectly.

To establish a radiation balance, the earth must reflect as much energy back into 
the space that it absorbs from the sun; however, because the earth is colder than the 
sun, the energy reflected from it will be within the infrared region of the spectrum, 
which cannot be seen by the humans. In an ideal situation in which the amount of 
radiation absorbed from the sun is reflected equally back to the space, the temperature 
of the earth’s surface should be −19 °C; nevertheless, some parts of thermal radiation 
reflected by the continents and water is retained by the atmosphere and clouds and 
then returned to the earth. This event heats the earth’s surface and raises the 
temperature to 14 °C [2]. The phenomenon that causes the atmosphere to be much 
warmer than it should be from only absorbed solar radiation is known as the 
“greenhouse effect.” The greenhouse effect increases the ambient temperature of the 
earth’s atmosphere by ~33 °C.

The increase in the temperature of the earth’s surface (i.e., the greenhouse effect) 
is a result of GHGs. These GHGs, such as atmospheric CO2, water vapor (H2O), 
CH4, and nitrous oxide (N2O), absorb the radiation reflected from the earth’s surface, 
and their molecules heat up. These warmer molecules collide with the other 
molecules in the air, which leads to warming of the other parts of the atmosphere. In 
addition, after these GHGs warm, they begin to radiate. Some of this radiation 
escapes into the space, but some returns to the earth. This radiation, in addition to 
solar radiation, creates the greenhouse effect. In the Annex A of the Kyoto Protocol, 
the gases defined as GHGs are CO2, CH4, N2O, hydrofluorocarbons (HFCs), 
perfluorocarbons (PFCs), sulfur hexafluoride (SF6), and nitrogen trifluoride (NF3). 
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Together, CO2, water vapor, and clouds contribute to 90% of the greenhouse effect; 
the other GHGs are responsible for the remaining 10% [3].

Organic carbon, deposited as fossils for millions of years, is mined and used as 
fuel (coal, petroleum, and natural gas). Globally, 80% of the anthropogenic CO2 in 
the atmosphere comes from the transportation or industrial emissions. The remaining 
20% is from deforestation and biomass burning. Approximately 900 m2 of forest 
can deposit 25  ton of carbon; however, one-half of the forests on earth were 
destroyed in the second half of the twentieth century. In addition, because of the 
carbonate raw material used in some industries, such as cement and manufactured 
ceramic, more CO2 is emitted into the atmosphere. Each year, the amount of CO2 
emitted into the atmosphere by humans corresponds to 6.5 × 109 ton. The amount 
that the CO2 sinks can absorb is 3.3 × 109 ton/year (1.7 ± 0.5 ocean/atmosphere, 
1.4  ±  0.7 land/atmosphere) [4]; therefore, atmospheric CO2 concentration has 
continuously increased and, in the last 150 years, has exceeded 400 ppm.

The half-life of atmospheric CO2 is predicted to be between 50 and 200 years; 
therefore, even if CO2 emissions are completely eliminated, the time required to 
reduce CO2 levels to that in the pre-industrial development era (i.e., ~280  ppm) 
would be between 100 and 300 years [5]. Fossil fuels are not renewable energy 
sources, and the reserves within the earth will last for only another 40–200 years. If 
the use of fossil fuels continues until all of the reserves are depleted, the atmospheric 
CO2 levels over the next century are predicted to be four times the concentration of 
those today.

CH4 gas is formed when microbes decompose organic matter under anaerobic 
conditions. This gas is generated both naturally in the environment and by human 
activities. Its concentration in the atmosphere is ~1.7 ppm [5]. Wetlands, swamps, 
some coastal sediments, oceans, and plants are the most significant sources of CH4 
and are responsible for 20% of the earth’s CH4 generation. Decomposing landfills, 
burning fossil fuels, and agricultural activities are examples of human activities that 
generate CH4. Among all agricultural activities, animal husbandry, such as raising 
sheep and cattle, and rice planting and processing are the highest sources of CH4. 
Since 1750, the concentration of CH4 in the atmosphere has increased by 150%, and 
since 1960, there has been a sixfold increase. On earth, the total CH4 emissions are 
calculated to be 598  Tg/year, with approximately 60% of this amount being 
anthropogenic [2].

N2O, another type GHG, shows lower emissions than other GHGs. The natural 
sources of N2O are the oceans and the oxidation of ammonia in the atmosphere and 
soil. In particular, tropical soils emit a considerable amount of N2O into the 
atmosphere. The anthropogenic sources comprise, for example, farming activities 
(e.g., fertilizer use, husbandry), burning fossil fuels, and some industrial activities. 
In particular, the use of nitrogen fertilizer and burning of coal increase N2O 
emissions. In addition, nylon and nitric acid production emit N2O. Compared to the 
pre-Industrial Revolution, its atmospheric concentration has increased 16% and 
continues to increase by ~0.25% annually. The tropospheric concentration of N2O is 
close to 312 ppb; however, the concentration during the Industrial Revolution was 
275 ppb [5]. Total global N2O emissions are calculated as 14.7 Tg/year, and ~6.9 Tg/
year are emitted from anthropogenic sources.

Climate Change and Greenhouse Gases in Turkey
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Halocarbons are composed of carbon/sulfur and/or hydrogen and at least one of 
the chlorine, fluorine, bromine, or iodine series. Chlorofluorocarbons (CFCs), 
hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), and sulfur hexa-
fluoride (SF6) are classified as being in this group of molecules. Some molecules, 
such as SF6, can last ~3200 years in the atmosphere and are referred to as “immortal 
molecules.” Before industrialization, the atmospheric concentrations of ethyl bro-
mide and methyl bromide organohalide compounds were very low. Nevertheless, 
technological advancements in the chemical industry are responsible for the 
immense amount of the anthropogenic gases emitted into the atmosphere in the 
second half of the twentieth century. These gases are used in refrigerators and air 
conditioners as coolants, in sprays, and as industrial cleaning solvents. When they 
are emitted into the atmosphere, they deplete stratospheric O3. At the same time, 
CFCs and HCFCs are GHGs. With the Montreal Protocol, the use of these com-
pounds was restricted and was completely stop in 2030; however, since their atmo-
spheric lifetimes are between 60 and 100 years and their concentration has built up 
continuously since the 1960s, they are considered to be important GHGs [4].

Radiative forcing is generally measured as the heat transfer on the unit spherical 
area in the uppermost part of the atmosphere given in W/m2 units. In other words, if 
a factor has positive radiative force, in the end, the energy of the surface–atmosphere 
system will increase, resulting in warming and vice versa. Some of the radiative 
forcing values from human activity-related parameters are given in Fig. 1. All GHGs 
have high radiative forcing values, yet the most effective is CO2.

With the intensification of industrialization, GHGs have increased considerably, 
and, as a result, the total radiative forcing became 2.45  W/m2. This amount 
corresponds to 1% of the total amount of incoming solar heat, yet it is also equal to 
the energy generated by 1.8 × 109 ton petroleum in just 1 min, and more than 100- 
fold of world’s energy required for heating [6].
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Each GHG’s effect on global warming is different. The potential warming of 
GHG is defined as the global warming potential (GWP) and determined according 
to a reference GHG CO2 [7]. Moreover, the residence times of these gases in the 
atmosphere are very effective factors of their concentrations and global warming 
potentials (Table  1). Each GHG has a characteristic molecular property in its 
greenhouse effect or global warming potential. For example, one CFC molecule 
has between a 6000- and 7000-fold greater impact, and one CH4 has 21-fold 
greater impact, than one CO2 molecule. On the other hand, the CO2 concentration 
in the atmosphere is greater. In general, 60% of human-related warming comes 
from CO2 gases, 15–20% from CH4, and the remaining from other GHGs (N2O, 
CFC, and O3) [6].

 Climate Change

Climate change is defined as follows: in addition to the natural climate change in 
cyclic and observable time intervals, changes in the climate result from direct or 
indirect human impact which alters the composition of the atmosphere [8].

Climate change is nothing new, and there have been times when the CO2 levels 
were much higher or much lower than today (e.g., Antarctica was once a tropical 
paradise and the equator region was once covered with ice). Nonetheless, since 
humans first appeared and for about 10,000 years since that time, the climate became 
more stabilized [9].

Anthropological CO2 and changes in the composition of the atmosphere must be 
taken together to determine the amount of CO2 in the atmosphere and its impact on 

Table 1 Greenhouse gases, concentrations, lifetime in atmosphere, and global warming potential 
(GWP) for 100 years [7]

Greenhouse 
gas Formula

Concentration in atmosphere 
(ppt) Atmospheric 

lifetime (years)
GWP for 
100 years1750 1998

Carbon 
dioxide

CO2 278,000 358,000 (variable) 1

Methane CH4 700 1745 12.2 ± 3 23
Nitrous 
oxide

N2O 275 311 120 296

HFC- 22 CHF2Cl 0 132 11.9 1700
Perfluoro-
methane

CF4 40 80 >50,000 5700

CFC-12 CCl2F2 0 533 100 10,600
Perfluoro-
ethane

C2F6 0 3 10,000 11,900

Sulfur 
hexafluoride

SF6 0 4.2 3200 22,200
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climate. The temperature on earth has been regularly recorded since 1850. Figure 2 
shows the recorded changes in the temperature and CO2 concentration after the 
beginning of the industrial era. These data clearly show a similar trend between the 
amount of GHGs and changes in the global temperature.

From 1800 to 1870, which is regarded as the first Industrial Revolution, an 
increase in population increased the use of fossil fuel and the rate of GHG emis-
sions. Ice measurements from 1850 to 1870 illustrated that the mean global tem-
perature was 13.6  °C and atmospheric CO2 concentration was 290  ppm. In the 
second Industrial Revolution between 1870 and 1910, fertilizers and other chemi-
cals were being used regularly. According to the report of the Intergovernmental 
Panel on Climate Change (IPCC), between 1750 and 2011, cumulative anthropo-
genic CO2 emissions into the atmosphere were 2040 ± 310 GtCO2. Approximately 
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40% of these emissions have remained in the atmosphere (880 ± 35 GtCO2); the 
remainder was removed from the atmosphere and stored on land (in the plants and 
soils) and in the oceans [10].

The increase in GHG concentrations within the last 200 years is considered to be 
primarily responsible for the increases in the global surface temperatures in the 
twentieth century. From the end of the nineteenth century, the mean surface 
temperature increased by 0.8  ±  0.2  °C [10]. Land and sea temperature records 
showed that this rate of increase is not constant (Fig. 2). Global surface temperatures 
increased by 0.35 °C between 1910 and 1940; however, there was a cooling period 
after this increase, and a 0.1 °C decrease was observed. From 1970 to the present 
time, there has been an increase of 0.55  °C.  These temperature changes can be 
considered trivial; however, even if not immediately problematic, when this change 
takes place globally, the consequences can be inevitable and extremely dire. For 
example, just a few degrees’ difference in the mean global temperature separates us 
from that of the Ice Age [9]. When the temperature records spanning ~160 years are 
investigated, we observed that our last 12 years were the hottest (Fig. 2).

 Effects of Climate Change

Even though the significance of global climate change was not understood until 
recently, many people are aware that if nothing is done to prevent it, the consequences 
will be worse. From research data, it has been shown that the world will confront 
much more significant and serious dangers 20–30 years after climate changes. For 
example, it takes a long time to heat large water masses, such as seas and oceans. In 
the beginning of summer, the water is a bit colder than during the middle and the last 
parts of summer. The same logic holds true for global warming; therefore, the effect 
of extra absorbed heat will be apparent 20–30 years later. This also means that the 
current changes in our carbon use will have an effect 20–30 years later. Storms, 
water scarcity, heat waves, monsoons, the destruction of the coral reefs, food 
shortages, deforestation, and sea level rise are expected to be more apparent and 
frequent. On earth, the expected changes at the continent level [9] related to global 
warming in 10–30 years are provided in Table 2.

 Climate Change in Turkey

Turkey became a party to the United Nations Framework Convention on Climate 
Change (UNFCCC) in May 2004 and to the Kyoto Protocol on February 5, 2009. 
The Climate Change Coordination Committee was established in 2010 in Turkey 
and renamed as the Climate Change and Air Management Cooperation Committee 
in 2013 to determine a countrywide policy and related strategies to address climate 
change. The GHG emissions per capita in Turkey are very low compared to that in 
countries belonging to the Organization for Economic Co-operation and 
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Development (OECD) and European Union; however, when this emission per capita 
of Turkey is multiplied by 70 million people, Turkey becomes the thirteenth highest 
GHG emitter in the world, which is why it is important for Turkey to take steps to 
reduce emissions. In 2010, the Ministry of Environment and Urbanization, General 
Directorate of Environmental Management, Climate Change, prepared the National 
Climate Change Strategy and National Climate Change Action Plan and in 2011 
created the Climate Change Adaptation Strategy and Action Plan [11]. Turkey has 
also participated in the Paris Agreement, which aimed to hold the mean global 
temperature increase to <2 °C and was scheduled to go into effect beginning in 2020 
and presented its road map for the struggle against climate change. As a fast- 
developing economy, Turkey planned to decrease forecasted GHG emissions 
approximately <21% in 2030.

Since 2004, the Turkish Statistical Institute has calculated the country’s GHG 
emissions using the IPCC guide [12]. As a result, in 2007, the Climate Change and 
Air Management Coordination Cooperation Committee prepared the First National 
Communication on Climate Change, which is one of the most significant 
commitments Turkey has made within the scope of UNFCCC [13]. Finally, in 2016, 
the Sixth National Communication of Turkey was prepared and published [14].

Turkey’s National Greenhouse Gases Inventory comprises CO2, CH4, N2O, fluo-
rinated gases (F-gases), NOx, non-methane volatile organic compounds, and CO 
emissions that result from the sources illustrated in Fig.  3. Turkey’s total GHG 
emissions in terms of CO2 equivalency in 2006 and 2013 were 331.8 Mtons and 
459.10  Mtons, respectively [14]. Between 1990 and 2013, GHG emissions 
continuously increased, and between 2000 and 2013, emissions increased by 47.7%. 
From 1990 to 2013, GHG emissions per capita increased from 3.96 ton CO2-e to 
6.04  ton CO2-e; however, although this value was below the 2012 average of 
12.47 ton CO2-e for OECD countries, it was above the world’s average of 4.88 ton 
CO2-e. Turkey’s CO2 emissions were 79.15% of the total GHG emissions. The 
remaining percentages of the total GHG gases were CH4 (14.33%), N2O (5.06%), 
and F-gases (1.45%).

The sources of total emissions in Turkey can be categorized as 67.8% from the 
energy sector, 15.7% from industrial processes and product usage, 10.8% from 
agricultural activities, and 5.7% from the waste sector. The GHG emissions from 
the energy sector are from fuel combustion; 67.8% of the energy sector is shared 
with 24.8% by the energy industry, 15% by transportation, 13.6% by industry, and 
12.8% by fuel combustion in households, services, and agriculture/forestry/fishery 
subsectors [14].

Climate change varies from region to region. Turkey’s long-term temperature 
anomalies show a general trend that is quite similar worldwide; however, there are 
some remarkable differences. Global temperature increases, for example, began in 
the 1980s, yet it began in Turkey only after 1990 (Fig. 4). This temperature increase 
is seen mostly in summer in Turkey. For example, between 1970 and 2000, there 
was an increase in summer temperatures of 1.5 °C.
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According to IPCC, the annual mean temperatures in Turkey will increase in the 
future years by an average of 2.5–4.0 °C and will increase by 4 °C in the Aegean and 
Eastern Anatolia regions. This situation has also been reported in one study in 
Turkey. According to this modeling study done by Şen in 2013 [15], south Turkey 
will face a critical threat of drought, and in the Aegean, Mediterranean, and Southeast 
Anatolia regions, winter precipitation will be reduced by 20–50% (Fig. 5).

According to the results of the model of Demircan et al. [16], after 2071, the 
winter temperature will increase by ~2 °C and in spring and autumn by ~3 °C. In 

Fig. 3 Sources of greenhouse gases from the National Greenhouse Gases Inventory in Turkey [12]
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summer, temperatures will increase by up to 4 °C in the Southeast Anatolia region 
and coastal areas of the Aegean region. On the other hand, the flood risk will increase 
in the northern regions. In particular, the potential effects of global warming are 
declining water resources, forest fires, drought, desertification, and ecological deg-
radation. Studies define Turkey’s three main risks regarding climate change as fol-
lows: (1) reduced precipitation in the interior areas of Anatolia and southern 
watersheds, (2) increased temperatures that will alter precipitation in winter from 
snow to rain, and (3) excessive amounts of precipitation, especially in the northern 
and western coastal regions of Anatolia.
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Fig. 4 Turkey’s long term temperature anomalies [15]

Fig. 5 Turkey’s predicted mean annual temperature distribution in 1961–1990, 2041–2070, and 
2071–2099 based on modeling results [17]
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 Conclusion

The first emphasis on climate change was made by Arrhenius, saying that “... if the 
amount of atmospheric CO2 increases two-fold, the mean world temperature will 
rise 5.7°C...” in history [18]. Today’s modeling studies confirm this situation. Also 
according to models for Turkey, the annual mean temperatures will increase in the 
future years by an average of 2.5–4.0 °C [15].

To meet its commitments as a party to the Kyoto Protocol, Turkey must revise its 
national policies. As such, the first activity would be to revise the relevant regula-
tions to make them more effective in reducing GHG emissions from industry, motor 
vehicles, and heating. This could be accomplished by providing new infrastructures 
to create heat using less energy, using fewer fuel-consuming vehicles for long-range 
transportation, using less energy-consuming technological systems in the industry, 
providing incentives for renewable energy consumption and mechanisms, and con-
sidering environmental protection as a fundamental concept in the transportation 
and industry sectors.
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Abstract In this study, geo-accumulation index (Igeo), enrichment factor (EF), 
potential ecological risk (Er), and risk index (RI) of five metals (Cu, Pb, Zn, Hg, and 
Cd) and Sc (as reference element for enrichment factor calculation) in soil samples 
were applied for assessing the pollution pattern and possible sources of heavy met-
als. Soil samples were collected from 27 different locations in Avcilar in the 
European part of Istanbul, Turkey. The mean Igeo values of Cu, Pb, Zn, Hg, and Cd 
were found between 0.12 and 0.96, which means that the soil contamination levels 
of these metals were uncontaminated to moderately contaminated. The EF mean 
values of Cu, Pb, Zn, Hg, and Cd were 1.70, 1.30, 1.30, 2.29, and 1.26, respectively. 
These EF results indicated that Cu, Pb, Zn, and Cd in the study area soil were 
affected by natural sources, whereas Hg was mainly caused by nature and partly 
influenced by human activities. The order of the mean values of Er in the soil sam-
ples was in the following descending order of Hg > Cd > Cu > Pb > Zn. Most of the 
soil samples showed low and moderate ecological risks.

Keywords Soil pollution · Geo-accumulation index · Enrichment factor · 
Ecological risk index · Metal contamination

 Introduction

Soil is a fundamental and nonrenewable natural resource. It hosts goods and ser-
vices vital to the ecosystems and human life. Our crops, feed, and fuel are obtained 
from the soil. Soil filters and cleans huge amount of water each year. It is a major 
storehouse for carbon and helps regulate emissions of various greenhouse gases 
such as carbon dioxide [1]. However, soil is a fragile structure. Therefore, damages 
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can occur in soils because of accidents or improper management. Contamination of 
soil by chemicals is one of these damages [2].

Sustainable development goals stated by the United Nations in the 2030 Agenda 
for Sustainable Development identified the need to reduce the number of deaths and 
illnesses from hazardous chemicals and soil pollution and contamination by 2030 
(target 3.9) and to reduce the release of chemicals and all wastes to air, water, and 
soil in order to minimize their adverse impacts on human health and the environ-
ment by 2020 (target 12.4). To restore degraded soils and improve soil health by 
2030 (target 15.3) is also another Sustainable Development Goal [3].

As stated by Ashraf et al. [4], petroleum hydrocarbons, heavy metals, pesticides, 
and solvents are the most common chemicals causing soil pollution. Heavy metal 
accumulation may take place from some natural processes or human activities that 
increase heavy metal accumulation in the soil environment [5]. When heavy metals 
reach to the soil and water, then they can accumulate as nonbiodegradable forms. 
Thus, they can cause adverse effects for living organisms in the receiving environ-
ment. Because of the dynamic equilibria between the soil components, heavy met-
als may occur in different phases such as the solid phase (immobilized contaminants) 
or dissolved in soil. The final form of heavy metals is the most dangerous type 
because of the fact that their ions are mobile, so they can leach and be absorbed by 
the living organisms [6].

The increasing heavy metal concentrations in urban surface soil can cause toxic 
effects for the human and the other living organisms [7, 8]. Mobile and/or available 
forms of heavy metals in soil or even in food chain may enter the human body 
through ingestion, digestion, and inhalation systems [9]. Implications for transport, 
exposure, environmental availability, and human health and ecological risks of met-
als in urban soils were described in many literatures and even summarized with 
illustrations as given by Luo et al. [10]. As stated by Jiang et al. [11], it is necessary 
to evaluate human health risks from heavy metal exposure due to soil pollution and 
identify the contamination sources to improve the soil environment and protect the 
human health.

In this study, concentrations of Cu, Pb, Zn, Hg, and Cd were measured in 27 soil 
samples, which were collected from Avcilar-Istanbul in Turkey. The selected area of 
this study is near industrial districts, construction and demolition activities, thermal 
power plant, port, and the D-100 highway which has heavy traffic. In addition, 
Istanbul University Avcilar Campus, which hosts approximately 22,000 people (stu-
dent, teaching staff, and administrative staff), is also located in the selected area. In 
the present study, the concentrations of heavy metals were identified in soil samples 
obtained from Avcilar-Istanbul. Geo-accumulation index (Igeo), enrichment factor 
(EF), ecological risk (Er), and risk index (RI) were calculated in order to assess the 
soil pollution and toxicity due to the selected major and heavy metal elements.
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 Materials and Methods

 Study Area, Soil Sampling, and Chemical Analysis

Avcilar is a district of Istanbul, Turkey, located in the European side of the city, just 
to the West of the Kucukcekmece inlet of the Sea of Marmara. Avcilar has a popula-
tion of about 500,000 people. Besides, there are more than 250 industrial companies 
(small and big companies) and two main highways [D-100 and E-80 (TEM)]. The 
study area was selected between the residential areas of Avcilar district, D100 high-
way, medium- and small-scale industrial facilities, and Kucukcekmece Lake shore-
line. It also includes a university campus (Istanbul University Avcilar Campus) and 
green fields. There are 5 faculties, 2 vocational schools, 2 institutes, 1 dormitory, 5 
other centers, and approximately 22,000 people (student, teaching staff, and admin-
istrative staff) in Avcilar Campus. The campus has mainly two types of areas: (1) 

Fig. 1 Sampling points in the study area. Source Google Earth
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main study and living area and (2) green fields. The campus is near the lakeside of 
Kucukcekmece Lake. Aerial image of the study area is given in Fig. 1. The colored 
points on the map indicate the soil sampling places in the study area. The sampling 
places were located within 28°43′13.51″E to 28°44′10.53″E longitude and 
40°59′1.54″N to 40°59′47.00″N latitude.

Twenty-seven topsoil samples (0–20 cm) were collected from different sample 
points of the study area as indicated in Fig. 1. Each sample was collected and then 
placed into polyethylene bags for transport to the laboratory. Sampling locations 
were recorded in the form of global positioning system coordinates. After air- 
drying, all soil samples were sieved through a 0.5 mm (30 mesh BS) stainless steel 
sieve to remove plant roots, debris, glasses, and other materials. 0.5 g of subsamples 
was digested using 3 mL of 3:1:2 HCl:HNO3:H2O at 95 C for 1 h and diluted with 
10 mL water. Then, the samples’ metal concentrations as Cu, Pb, Zn, Hg, Cd, and 
Sc were measured using inductively coupled plasma mass spectrometry (ICP-MS, 
Perkin-Elmer ELAN 9000) in the accredited Acme Analytical Laboratory in 
Vancouver, Canada. Quality controls involved routine analyses of standards and 
duplicates. Approximately 5% of the samples were analyzed as internal and external 
control samples; the variability was found to be <10% for all elements analyzed.

 Geo-accumulation Index (Igeo)

The geo-accumulation index (Igeo), which was suggested by Muller, has been use-
fully applied for the determination of soil contamination in the last decades [12, 13]. 
The geo-accumulation index can be calculated by Eq. (1):

 

I
C

Bgeo
n

n

=








log

.2 1 5
 

(1)

where Cn is the measured concentration of elements in the soil samples and Bn is the 
geochemical reference value. The constant 1.5 is used to account for the possible 
variations in the reference values as they are affected by natural fluctuations and 
anthropogenic influence [14, 15]. Muller’s classification for the assessment of the 
level of contamination is given in Table 1.

 Enrichment Factors and Ecological Risks

The metal contamination in soils from anthropogenic sources can be obtained by 
the enrichment factor (EF) given in Eq. (2) [10]. The EF of an element in a studied 
sample is based on the standardization of a measured element against a reference 
element. The reference element is often characterized by low occurrence variability, 
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with the most commonly used elements being Al, Fe, Ti, Sc, Si, Sr, and K. In this 
study, Sc was selected as the reference element.

A value of EF close to 1 indicates a natural origin, where values greater than 10 
are considered to be originated mainly from anthropogenic sources. The EF analy-
ses are shown in Table 1 [11]. The EF of each heavy metal was calculated according 
to Eq. (2) [11]:
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where (Cx/Cref) is the ratio of concentrations between the heavy metal and a refer-
ence metal in the sample and the background soil.

To evaluate the ecological risk index (RI) of heavy metals, the approach that was 
originally introduced by Hakanson [16] was used. The RI was calculated from the 
following Eqs. (3–5):

Table 1 Igeo classifications, categories of EF values, potential ecological risk categories of Er and 
RI values

Igeo classifications
Igeo value Class – Soil quality

Igeo ≤ 0 0 – Uncontaminated
0 < Igeo ≤ 1 1 – Uncontaminated to moderately contaminated
1 < Igeo ≤ 2 2 – Moderately contaminated
2 < Igeo ≤ 3 3 – Moderately to heavily contaminated
3 < Igeo ≤ 4 4 – Heavily contaminated
4 < Igeo ≤ 5 5 – Heavily to extremely contaminated
5 < Igeo 6 – Extremely contaminated
Enrichment categories of EF values
EF value Enrichment category

EF ≤ 2 Minimal enrichment
2 < EF ≤ 5 Moderate enrichment
5 < EF ≤ 20 Significant enrichment
20 < EF ≤ 40 Very high enrichment
40 < EF Extremely high enrichment
Er and RI values Ecological risk category

Er < 40 Low potential ecological risk
40 ≤ Er < 80 Moderate potential ecological risk
RI < 150 Low ecological risk
150 ≤ RI < 300 Moderate ecological risk
300 ≤ RI < 600 Considerable ecological risk
600 < RI Very high ecological risk
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where Cs and Cn are the heavy metal sample and background concentrations, respec-
tively, Er is the ecological risk of each element, and RI shows the ecological risk of 
multiple elements. Cf is the contamination factor. Hakanson [16] defined Tr as a 
“toxic-response factor” for a given substance and demonstrated this value for Cu, 
Pb, Zn, Hg, and Cd to be 5, 5, 1, 40, and 30, respectively. The Er and RI values and 
the means of these values are given in Table 1 [17].

 Result and Discussion

 Metal Concentrations

The means of metal (Cu, Pb, Zn, Hg, Cd, and Sc) concentrations in the soil samples 
which were taken from Avcilar-Istanbul are shown in Table 2. The arithmetic means 
of Cu, Pb, Zn, Hg, Sc, and Cd concentrations were found to be 26.75, 21.23, 80.89, 
0.03, 4.19, and 0.16 mg/kg, respectively. Spatial distribution of Cu, Pb, Zn, Hg, and 
Cd concentrations in the soil samples collected from the study area are given in 
Fig. 2. Heavy metal concentrations of nearly all soil samples taken from Avcilar 
were found to be higher than that of the reference soil (ZA23). It can be said that, 
according to these results, the existence of all heavy metals investigated in the soil 
samples are probably associated with anthropogenic sources. The heavy metal con-
centrations of the soil samples obtained from the study area in Avcilar were com-
pared with those of the soils of Turkey cities and/or regions, mean values of the 
average concentrations for world soils, and the earth’s crust. The results are given in 
Table 3.

 Geo-accumulation Index (Igeo) Analysis Results

As shown in Table 4, the mean Igeo values of Cu, Pb, Zn, Hg, and Cd were found as 
0.52, 0.12, 0.14, 0.96, and 0.14, respectively. These results showed that the soil 
contamination levels of these metals were identified as uncontaminated to moder-
ately contaminated because the Igeo values were found between 0 and 1.
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 Enrichment Factor Analysis Results

Soil contamination was assessed on the basis of enrichment factor (EF). The enrich-
ment factors (EFs) of all analyzed metals were calculated for each soil sample rela-
tive to the background value of the local soil (point ZA23), with Sc chosen as the 
reference element. Table 4 shows the EF values and the means of heavy metals in 
the soil. The mean EF values of Cu, Pb, Zn, Hg, and Cd were found as 1.70, 1.30, 
1.30, 2.29, and 1.26, respectively. The mean EF values of Cu, Pb, Zn, and Cd ≤ 2 
showed the minimal pollution of these metals in the soil samples taken from Avcilar. 
The mean value of EF for Hg was found in the range of 2–5, indicating moderate 
pollution. These results indicated that Cu, Pb, Zn, and Cd in the soil samples were 
affected by natural sources, whereas Hg was mainly caused by the nature and partly 

Table 2 Mean of metal concentrations (mg/kg) in soil samples

Sampling point Cu Pb Zn Hg Sc Cd

ZA1 27.30 21.00 70.00 0.04 5.70 0.20
ZA2 22.60 25.50 106.00 0.02 5.60 0.10
ZA3 25.10 23.90 79.00 0.02 3.60 0.20
ZA4 25.80 18.60 89.00 0.05 4.40 0.10
ZA4A 20.20 16.30 68.00 0.02 3.60 0.10
ZA5 18.20 19.50 54.00 0.02 3.40 0.10
ZA6 39.40 22.20 118.00 0.05 4.30 0.20
ZA7 18.90 18.20 63.00 0.01 3.60 0.10
ZA8 19.30 20.50 70.00 0.02 3.80 0.20
ZA9 18.80 14.30 95.00 0.02 3.60 0.20
ZA10 15.60 11.70 53.00 0.02 3.00 0.10
ZA11 28.20 29.30 102.00 0.03 4.20 0.30
ZA12 47.30 24.80 129.00 0.05 4.80 0.20
ZA13 29.70 25.20 85.00 0.04 6.10 0.20
ZA14 18.40 24.30 103.00 0.02 2.80 0.20
ZA15 32.20 23.80 93.00 0.02 7.60 0.20
ZA16 32.80 22.60 92.00 0.04 5.10 0.20
ZA18 20.00 19.80 68.00 0.02 4.00 0.10
ZA19 22.80 23.30 69.00 0.03 5.10 0.20
ZA20 26.00 23.80 73.00 0.01 4.80 0.40
ZA21 28.40 45.20 112.00 0.10 3.60 0.10
ZA22 97.30 23.20 107.00 0.04 3.70 0.20
ZA23 (Rf. S) 12.40 13.00 49.00 0.01 3.20 0.10
ZA24 19.40 14.80 50.00 0.02 3.70 0.10
ZA25 14.20 13.90 37.00 0.01 2.40 0.10
ZA26 19.20 13.40 57.00 0.02 2.50 0.20
ZA27 22.70 21.10 93.00 0.04 4.90 0.10
Mean 26.75 21.23 80.89 0.03 4.19 0.16

Rf. S reference soil point
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influenced by the human activities. It can be said that the samples having an enrich-
ment factor of higher than 1.5 indicated strong human influence [28, 29]. As can be 
seen from Table 4, most of the sites’ enrichment factors (EFs) for the heavy metals 
(Cu, Pb, Zn, Hg, and Cd) were higher than 1.5. According to this result (i.e., 
EFs > 1.5), the related sampling points were mainly located near the D100 highway 
subjected to heavy traffic pollution loads, in campus main roads, and rainwater sur-
face runoff route whose upstream is located just in front of the industrial area. These 
highlighted points also have the same tendency regarding the Igeo values (i.e., 
Igeo > 1.0).

Fig. 2 Spatial distribution of Cd, Cu, Hg, Pb, and Zn concentrations
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 Ecological Risk Analysis Results

In this study, the ecological risk index is also calculated to assess the soil pollution 
and toxicity due to metal elements. As stated by Islam et al. [30], the potential eco-
logical risk index is a comprehensive potential ecological risk index, which is the 
sum of Er. It demonstrates the ecological risk caused by the overall contamination 
and shows the sensitivity of the biological community to the toxic substance. The 
ecological risk factors for each element (Er) and the potential ecological risk index 
(RI) are summarized in Table 5. As can be seen from Table 5, the mean Er of all the 
studied metals for all sites were in the descending order of Hg > Cd > Cu > Pb > Zn. 
The mean Er values of Cu, Pb, Zn, Hg, and Cd were obtained as 10.79, 8.17, 1.65, 
117.04, and 49.44, respectively. It can be said that, except for sampling point 21, the 

Fig. 2 (continued)
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soil samples from Avcilar Campus showed low or moderate ecological risk. In view 
of the RI, soil from sampling point 21 (lakeside of Kucukcekmece Lake) showed 
considerable ecological risk, which might be due to the Kucukcekmece Lake con-
taminated by pollution loads from all kinds of sources such as households, indus-
tries, agriculture, forests, closed municipal solid waste dumping site, atmospheric 
fallout, etc.

Heavy metals originate from local sources mostly due to the industries (nonfer-
rous industries, power plants, iron, steel, and chemical industries), agriculture (irri-
gation with polluted water, use of mineral fertilizers especially phosphates, 
contaminated manure, sewage sludge, and pesticides containing heavy metals), 
waste incineration, burning of fossil fuels, and traffic loads.

Fig. 2 (continued)
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 Conclusions

In the present study, the pollution status and risk assessment of heavy metals (Cu, 
Pb, Zn, Hg, and Cd) in the soil samples taken from Avcilar-Istanbul have been 
investigated. The mean values of heavy metal concentrations in the studied soil 
samples for Cu, Pb, Zn, Hg, Cd, and Sc were found to be 26.75, 21.23, 80.89, 0.03, 
0.16, and 4.19 mg/kg, respectively. The mean Igeo values of Cu, Pb, Zn, Hg, and Cd 
in the soil samples were obtained as Hg > Cu > Zn, Cd > Pb in the descending order. 
According to the EF analysis, the results indicated minimal pollution for Cu, Pb, Zn, 
and Cd, and the sources of these metals were natural. The mean EF value for Hg 
showed moderate pollution, and its sources could be mainly caused by the nature 
and partly influenced by the human activities. The ecological risk results for Cu, Pb, 
Zn, Hg, and Cd were found to be moderate or low ecological risks in most sampling 

Fig. 2 (continued)
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locations (except for point ZA21) of the study area. The ecological risk result of 
sampling point ZA21 showed that this location had considerable ecological risk. 
Point ZA21 had the lowest elevation level in the study area and was located just in 
the lakeside of Kucukcekmece Lake. Point ZA21 was a completely open location to 
main wind directions. Kucukcekmece Lake water can easily reach to this sampling 
point, and the Sea of Marmara-originated seawater can be mixed into the lake water. 
Industrial sewage leakage into the lake was also highly possible. Atmospheric depo-
sition of both industrial and highway-originated particles could possibly be the 
heavy metal contamination risk sources for the study area as well. Particulate 
matter- originated heavy metal transportation via rainwater surface runoff and 
enrichment in the lower locations of the site were again highly possible because of 
the high inclination of the studied area. On the other hand, moderate ecological risk 
for Cu, Pb, Zn, Hg, and Cd was determined for eight sampling points (ZA1, ZA4, 
ZA6, ZA12, ZA13, ZA16, ZA22, and ZA27) in Avcilar. Except for points ZA22 and 

Fig. 2 (continued)
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Table 3 Heavy metal concentrations (mg/kg) in the soils of Turkey cities and/or regions, average 
concentrations for world soils, and the earth’s crust

City or area of Turkey Cu Pb Zn Hg Cd Ref.

Istanbul-Avcilar 26.75 21.23 80.89 0.03 0.16 This study
Konya 2.36 2.65 4.50 0.02 [18]
Tunçbilek-Kütahya 19.6 21.2 57.9 0.63 0.11 [19]
Gebze-Kocaeli 95.88 246 632 0.10 4.41 [20]
Tavşanlı-Kütahya 32.6 82.6 165.3 0.22 1.5 [21]
Van 20 80 12.1 5.9 [22]
Amik plain-Hatay 5.56 0.19 [23]
Central and east parts of Black Sea region 44.73 29.27 57.51 1.26 [24]
Southern Turkey 1.03 1.21 4.94 0.02 [25]
Average concentrations for world soils 14 25 62 0.1 1.1 [26]
Earth’s crust average value 39 17 67 0.08 0.1 [27]

Table 4 Geo-accumulation index (Igeo) analysis results and EF values

(Igeo) analysis results
EF values of metals in soil 
samples

Sampling point Cu Pb Zn Hg Cd Cu Pb Zn Hg Cd

ZA1 0.55 0.11 −0.07 1.42 0.42 1.24 0.91 0.80 2.25 1.12
ZA2 0.28 0.39 0.53 0.42 −0.58 1.04 1.12 1.24 1.14 0.57
ZA3 0.43 0.29 0.10 0.42 0.42 1.80 1.63 1.43 1.78 1.78
ZA4 0.47 −0.07 0.28 1.74 −0.58 1.51 1.04 1.32 3.64 0.73
ZA4A 0.12 −0.26 −0.11 0.42 −0.58 1.45 1.11 1.23 1.78 0.89
ZA5 −0.03 0.00 −0.44 0.42 −0.58 1.38 1.41 1.04 1.88 0.94
ZA6 1.08 0.19 0.68 1.74 0.42 2.36 1.27 1.79 3.72 1.49
ZA7 0.02 −0.10 −0.22 −0.58 −0.58 1.35 1.24 1.14 0.89 0.89
ZA8 0.05 0.07 −0.07 0.42 0.42 1.31 1.33 1.20 1.68 1.68
ZA9 0.02 −0.45 0.37 0.42 0.42 1.35 0.98 1.72 1.78 1.78
ZA10 −0.25 −0.74 −0.47 0.42 −0.74 1.34 0.96 1.15 2.13 0.96
ZA11 0.60 0.59 0.47 1.00 1.00 1.73 1.72 1.59 2.29 2.29
ZA12 1.35 0.35 0.81 1.74 0.42 2.54 1.27 1.76 3.33 1.33
ZA13 0.68 0.37 0.21 1.42 0.42 1.26 1.02 0.91 2.10 1.05
ZA14 −0.02 0.32 0.49 0.42 0.42 1.70 2.14 2.40 2.29 2.29
ZA15 0.79 0.29 0.34 0.42 0.42 1.09 0.77 0.80 0.84 0.84
ZA16 0.82 0.21 0.32 1.42 0.42 1.66 1.09 1.18 2.51 1.25
ZA18 0.10 0.02 −0.11 0.42 −0.58 1.29 1.22 1.11 1.60 0.80
ZA19 0.29 0.26 −0.09 1.00 0.42 1.15 1.12 0.88 1.88 1.25
ZA20 0.48 0.29 −0.01 −0.58 1.42 1.40 1.22 0.99 0.67 2.67
ZA21 0.61 1.21 0.61 2.74 −0.58 2.04 3.09 2.03 8.89 0.89
ZA22 2.39 0.25 0.54 1.42 0.42 6.79 1.54 1.89 3.46 1.73
ZA23 −0.58 −0.58 −0.58 −0.58 −0.74 1.00 1.00 1.00 1.00 0.90
ZA24 0.06 −0.40 −0.56 0.42 −0.74 1.35 0.98 0.88 1.73 0.78
ZA25 −0.39 −0.49 −0.99 −0.58 −0.74 1.53 1.43 1.01 1.33 1.20
ZA26 0.05 −0.54 −0.37 0.42 0.42 1.98 1.32 1.49 2.56 2.56
ZA27 0.29 0.11 0.34 1.42 −0.74 1.20 1.06 1.24 2.61 0.59
Mean 0.52 0.12 0.14 0.96 0.14 1.70 1.30 1.30 2.29 1.26
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Table 5 Ecological risk factors (Er) and the potential ecological risk index (RI) of Cu, Pb, Zn, Hg, 
and Cd in soil samples

Tr

Er

RI Ecological risk
Cu Pb Zn Hg Cd
5 5 1 40 30

ZA1 11.01 8.08 1.43 160.00 60.00 240.51 Moderate ecological risk
ZA2 9.11 9.81 2.16 80.00 30.00 131.08 Low ecological risk
ZA3 10.12 9.19 1.61 80.00 60.00 160.93 Low ecological risk
ZA4 10.40 7.15 1.82 200.00 30.00 249.37 Moderate ecological risk
ZA4A 8.15 6.27 1.39 80.00 30.00 125.80 Low ecological risk
ZA5 7.34 7.50 1.10 80.00 30.00 125.94 Low ecological risk
ZA6 15.89 8.54 2.41 200.00 60.00 286.83 Moderate ecological risk
ZA7 7.62 7.00 1.29 40.00 30.00 85.91 Low ecological risk
ZA8 7.78 7.88 1.43 80.00 60.00 157.10 Low ecological risk
ZA9 7.58 5.50 1.94 80.00 60.00 155.02 Low ecological risk
ZA10 6.29 4.50 1.08 80.00 27.00 118.87 Low ecological risk
ZA11 11.37 11.27 2.08 120.00 90.00 234.72 Low ecological risk
ZA12 19.07 9.54 2.63 200.00 60.00 291.24 Moderate ecological risk
ZA13 11.98 9.69 1.73 160.00 60.00 243.40 Moderate ecological risk
ZA14 7.42 9.35 2.10 80.00 60.00 158.87 Low ecological risk
ZA15 12.98 9.15 1.90 80.00 60.00 164.04 Low ecological risk
ZA16 13.23 8.69 1.88 160.00 60.00 243.80 Moderate ecological risk
ZA18 8.06 7.62 1.39 80.00 30.00 127.07 Low ecological risk
ZA19 9.19 8.96 1.41 120.00 60.00 199.56 Low ecological risk
ZA20 10.48 9.15 1.49 40.00 120.00 181.13 Low ecological risk
ZA21 11.45 17.38 2.29 400.00 30.00 461.12 Considerable ecological risk
ZA22 39.23 8.92 2.18 160.00 60.00 270.34 Moderate ecological risk
ZA23 5.00 5.00 1.00 40.00 27.00 78.00 Low ecological risk
ZA24 7.82 5.69 1.02 80.00 27.00 121.54 Low ecological risk
ZA25 5.73 5.35 0.76 40.00 27.00 78.83 Low ecological risk
ZA26 7.74 5.15 1.16 80.00 60.00 154.06 Low ecological risk
ZA27 9.15 8.12 1.90 160.00 27.00 206.17 Moderate ecological risk
Mean 10.79 8.17 1.65 117.04 49.44 187.08 –

ZA27, six of these sampling points (ZA1, ZA4, ZA6, ZA12, ZA13, and ZA16) were 
located in the living area of the campus. It is possible to increase ecological risk of 
Cu, Pb, Zn, Hg, and Cd in the near future according to the increasing levels of the 
present industrial facilities’ future activities. Because of this reason, possibly 
increased levels of ecological risks for these five metals should considerably be 
taken into account to protect human life and the environment in the study area of 
Avcilar-Istanbul.
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Microbial Growth Kinetics of an Anaerobic 
Acidogenic Bioreactor

Yalçın Aşkın Öktem

Abstract Kinetic evaluation of an acidogenic completely stirred tank reactor 
(CSTR) treating a chemical synthesis-based pharmaceutical wastewater was inves-
tigated. For kinetic modeling of the acidogenic reactor (Monod, Contois, Grau, 
et  al.), first-order kinetic models were used. These models have high correlation 
coefficients in this study. Monod models have shown high correlation coefficients 
(99%) which were used in describing the process kinetics of the anaerobic acido-
genic reactor. Kinetic studies showed that sludge yield (Y) and decay rate (Kd) were 
0.25 mg VSS/mg COD and 0.79 1/day, respectively.

Keywords Acidification · Degradation kinetic · Monod · Anaerobic · CSTR

 Introduction

Pharmaceutical wastewaters are characterized by high dissolved organics and 
changeable amount of salts [1, 2]. The high organic content of chemical synthesis- 
based pharmaceutical wastewater makes it especially suitable for processes based 
on anaerobic biotechnology [3]. Anaerobic digestion performance, both in terms of 
removal efficiency and energy recovery, a proper model, as well as dependable 
kinetic and stoichiometric parameters are required. In the literature, there is a gen-
eral compromise on considering the hydrolysis as it is a kinetically limiting step of 
the all process [4]. Microbial kinetics plays a considerable role in the setup and 
operation of anaerobic digesters. Based on the biochemistry and microbiology of 
the anaerobic process for process analysis, control, and design, literature on kinetics 
of degradation was unavailable on chemical synthesis-based wastewater using first- 
order, Monod, Contois, and Grau kinetic models. Some researchers have investi-
gated different wastewater treatment performance and its compounds using these 
models [5–9]. For biokinetic modeling of the reactor, Monod, Contois, Grau, and 
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first-order kinetic models were used. These models have shown high correlations at 
studies. Although microbial kinetics of various types of industrial wastewaters has 
been studied, there is still lack of information in the literature about kinetics of 
chemical synthesis-based pharmaceutical wastewaters. In this study, these four 
types of kinetic models for describing the process kinetics of an acidogenic reactor 
chemical synthesis-based pharmaceutical wastewater were compared.

 Materials and Methods

The reactor was made of Plexiglas with an active volume of 5 L. Characteristics of 
the wastewater are given in Table 1.

Inoculation sludge was obtained from an anaerobic reactor in alcohol industry. 
Analytical methods were used to determine reactor performance, and routine analy-
ses were carried out in steady-state conditions. During the operation of the reactor, 
pH, temperature, gas production, and VFA were monitored daily. COD and TS/TVS 
analyses were carried out once every other day. All the analyses such as COD, sol-
ids, pH, etc. were conducted in accordance with the standards methods [10].

 Reactor Operation

Acidification degree was interpreted according to different SRTs, HRTs, and OLRs, 
processing the chemical synthesis-based pharmaceutical wastewater.

Table 1 Wastewater 
characteristics

Parameters Concentration (mg/L)

COD 40,000–60,000
TKN 800–900
PO4-P 3–6
Suspended solids (SS) 800–1000
Volatile suspended solids (VSS) 500–700
Alkalinity (as CaCO3) 900–1000
pHa 7–8

aUnitless
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 Results and Discussion

 Performance of Acidogenic Reactor

Optimum operating conditions for acidification of wastewater were found to be an 
HRT of 12 h, pH range of 5.5 ± 0.1, and OLR of 13 kg COD/m3 day. At this point, 
maximum acidification of 44% was achieved.

 Determination of Microbial Kinetic Constants

For a completely stirred reactor without biomass recycle, the rate of accumulation 
of microorganisms can be shown as:

 

dx

dt
V QX QX XV K XVd r= − + −0 µ r

 
(1)

where dx/dt is the rate of change of microorganism concentration and is measured in 
terms of volatile suspended solids (VSS), Vr is the reactor volume (liter), X0 and X 
are the concentrations of biomass in the influent and the reactor/effluent (mgVSS/L), 
and μ and Kd are the specific growth and decay rates (1/day), respectively.

 Monod Model

If assumed that the concentration of microorganisms in the influent can be neglected, 
then at steady-state, dx/dt = 0. Equation (1) can be written as follows:

 
µ = +

1

HRT
Kd

 
(2)

The relationship between the specific growth rate and the rate-limiting substrate 
concentration can be expressed by the Monod equation [11]:

 

µ
µ

=
×
+( )

−m

s
d

S

K S
K

 

(3)

where: S: Effluent concentration (mg COD/L), μm: The maximum specific growth 
rate (1/day), KS: Half saturation concentration (Monod constant) (mg COD/L)
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The general expression of Monod kinetic model is given below:

 

− =
+( )

dS

dt

XS

Y K SS

µmax

 

(4)

Y: Cell yield coefficient (mg VSS/mg COD)
If Eq. (4) is integrated and then reduced, the equation can be written as:

 

µm

s
d

S

K S HRT
K

×
+( )

= +
1

 

(5)

If Eq. (5) is linearized, the equation obtained will be:

 

HRT

HRT K

K

Sd m

S

m1

1 1

+ ×
= +
µ µ

.
 

(6)

By plotting Eq. (6), the values of μmax and KS can be calculated from the slope and 
the intercept of the line. Figure 1 was plotted for determining the values of μmax and 
KS.

If the rate of change in the substrate concentration in the acidogenic reactor is 
expressed mathematically, this becomes:

 

dS

dt
V QS QS V

dS

dtr= − −0

 
(7)
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y = 64.927x + 1.1825
R2 = 0.9571

Fig. 1 Monod model μmax and Ks
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Then, the above equation can be arranged according to Monod equations (4) and 
(7) and defined as follows:

 

Q

V
S S

Y HRT
K Xd0

1 1
−( ) = +




×

 
(8)

Equation (8) can be linearized, and then the equation obtained will be:

 

S S

HRT X Y HRT

K

Y
d0 1 1−

×
= × +

 
(9)

where, by plotting, the values of Y and Kd obtained in Eq. (9) can be calculated from 
the slope and the intercept of the line. The values of Y and Kd were determined from 
Fig. 2.

 Contois Model

By applying Contois model to the experimental data, the kinetic constants were 
calculated, and these obtained values of kinetic constants of the model were found 
to be same as the calculated values of the Monod model. The relationship between 
μm and the rate of limiting S concentration can be expressed by the Contois equation 
[12] as follows:

 
µ

µ
=

×
+

−m
d

S

BX S
K

 
(10)

10
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4

2

0
0 0.5 1 1.5

1/HRT
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So
-S

/X
.H

R
T

y= 3.984x - 3.1553
R2 = 0.9918

Fig. 2 Monod model Y and Kd
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where B is the kinetic parameter mg COD/mg VSS, BX  =  KS according to the 
Contois kinetics

The general expression of the Monod kinetic model is given below:

 

− =
+( )

dS

dt

XS

Y BX S

µmax

 

(11)

By applying the Contois model given above to Eq. (5), a kinetic evaluation can 
be done. Substituting the Contois expression, Eq. (10), in Eq. (5) gives:

 

µm
d

S

BX S HRT
K

×
+

= +
1

 
(12)

If Eq. (12) is linearized, the equation obtained will be:

 

HRT

HRT K

X

S

B

d m m1

1

+ ×
= + ×
µ µ  

(13)

Similarly, the values obtained in Eq. (13) can be used for plotting values of μmax 
and B. The value of μmax can be calculated from the intercept of the straight line, 
while B can be obtained from the slope line. Figure 3 was plotted to determine the 
kinetic values (μmax and B) according to the Contois model.
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Fig. 3 Contois model
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 Grau Model

Grau model in Eq. (14) that was established by Grau et al. [13] is that the predicted 
effluent substrate concentration is function of the influent substrate concentration.

 
µ

µ
=

×
−m

d

S

S
K

0  
(14)

Acidogenic reactor is a complete stirred reactor and behaves as a chemostat reac-
tor; therefore, θc and θ have the same values. According to the Grau model, for 
determining kinetic constants, Eq. (14) is reduced and linearized, and then the 
obtained equation is shown below:

 

S

S

K

m

d

m0

1 1
= × +
µ θ µ  

(15)

The values obtained in Eq. (15) can be used for plotting values of μmax and Kd. 
Similarly, the value of Kd can be calculated from the intercept of the straight line, 
and μmax can be obtained from the slope line of Fig. 4.
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 First-Order Kinetic Model

Finally, using the first-order model, kinetic constants were determined. Effluent 
substrate concentration (S) is calculated by the first-order model. According to θc 
and maximum substrate utilization rate k (mg COD/mg VSS day), the first-order 
kinetic model [14] expressions are as follows:

 
µ =

×
−

−
k S

S S
Kd

0  
(16)

 
− =
dS

dt
kS

 
(17)

If Eq. (17) is integrated and rearranged for estimating effluent S concentration, it 
can be written as:

 
S

S

k
=

+
0

1 θC  
(18)

the effluent biomass concentration under steady-state condition and Eq. (16) is used 
to plot 1/E values versus μ values. The values of k and Kd are obtained in Fig. 5.
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Fig. 5 First-order kinetic model
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 Overall Evaluation of Applied Kinetic Models

By the application of the Monod kinetic model to the experimental data, μmax 
and KS were found to be 0.845 1/day and 55 mg COD/L, respectively, at high 
correlation (R2 = 0.96). Y and Kd were found to be 0.25 mg VSS/mg COD and 
0.79 1/day, respectively, at the highest correlation (R2  =  0.99) in this study. 
Substrate utilization rate was calculated as 3.37 mg COD/mg VSS day. In the 
application of the Contois model, the Contois kinetic constant (B) was found to 
be 5.72 mg COD/mg VSS for each hydraulic retention time. In the application 
of the Grau model, Kd and μmax were determined as 0.60 1/day and 0.096 1/day, 
respectively, at low correlation (R2  =  0.87). Lastly, according the first-order 
kinetic model, k and Kd were found to be 6.05 mg COD/mg VSS day and 6.37 1/
day, respectively. All the kinetic constants in this study found in accordance to 
the four different biokinetic models for best describing the acidogenic reactor 
are given in Table 2 as compression in the literature studies. The Monod model 
was found to be more assembled than the other kinetic models according to (Y) 
0.25  mg VSS/mg COD and (Kd) 0.79 1/day, respectively. On account of the 
wastewater structure, these values were higher than the given literature values. 
A big part of the wastewater includes dissolved organics (approximately 70%) 
and is reduced to VFAs. Chemical synthesis-based pharmaceutical wastewater 
also contains large amounts of simple form alcohol, such as isopropyl alcohol, 
ethanol, etc. Since the hydrolyze phase of this wastewater takes a very short 
time, Y coefficient is slightly higher than the literature values [15–21]. On the 
other hand, (μmax) 0.43 1/day was calculated by the Contois model and this value 
to more appropriate than the Monod model. The reason was using the equation 
proposed by the Contois, the specific growth rate is considered as a function of 
the growth-limiting nutrient in both input and effluent S concentration by using 
an empirical constant, which was related to the microbial population [11]. The 

Table 2 Kinetic constants for acidifier

Substrate

Y kd μm k B
mg VSS/mg 
COD 1/day 1/h 1/day 1/h 1/day

mg COD/mg 
VSS

Confectionary [15] 0.31 1.56 0.065 64.8 2.7 – –
Glucose [16] 0.17 6.1 0.254 30 1.25 – –
Glucose [17] 0.625 0.41 0.017 – – – –
Carbohydrate [18] 0.14–0.17 6.1 0.254 7.2–30 0.3–1.25 1.33 –70.6 –
Ice cream ww [19] 0.21 0.013 0.001 0.92 0.039 – 0.481
Lactose [20] 0.23 – – –
Beef extract [21] 1.74 0.072 32.6 1.358
Monod (this study) 0.25 0.79 0.033 0.84 0.035 3.37
Contois 10.38 0.433 5.723
Grau 0.60 0.025 0.096 0.004
First order 6.05 0.25 6.37
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Monod and the Contois models are more aptly than the other kinetic models, 
especially when it comes to treating chemical synthesis-based pharmaceutical 
wastewater.
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Evaluation of Heterogeneous 
Photocatalytic Treatment for Reuse 
of a Hotel’s Greywater

Caner Kepoğlu, Can Burak Özkal, and Süreyya Meriç

Abstract Reuse of greywater for non-potable purpose such as irrigation, toilet 
flushing and groundwater recharge has been evaluated and applied widespread after 
advanced treatment processes. Specifically advanced oxidation processes present 
alternative option to integrate with biological treatment as prior or post-treatment to 
remove recalcitrant organic matters of emerging concern in greywater. This study 
focuses on the efficiency assessment of heterogeneous photocatalysis (PC) for oxi-
dative degradation of real greywater samples collected at a hotel in Antalya, Turkey, 
by means of dissolved organic carbon (DOC) and UV254 absorbance removals that 
correspond the mineralization and degradation rates, respectively. Increasing TiO2 
dose from 0.1 to 1 g/L enhanced DOC removal rates. Reduction of suspended solids 
from greywater using 0.45 microfilters increased DOC removal from 27 to 35% 
during PC treatment.

Keywords Greywater · Degradation · Mineralization · Photocatalysis · Reuse

 Introduction

Water scarcity has pushed research into eco-friendly and low-energy cost-efficient 
remediation of water resources among which greywater (GW) has also been consid-
ered [1, 2]. However, several emerging classes of micro-pollutants exist in wastewa-
ter and greywater matrices, and conventional treatment systems are not sufficient in 
terms of total removal of these compounds [5, 6]. Among the technologies known 
to treat greywater, water filtration technologies are high-energy demand due to nec-
essary driving forces to push water through membranes at high fluxes [1–6]. 
Advanced oxidation processes (AOPs) have demonstrated to degrade various micro- 
pollutants [7]. Hydroxyl radicals generated by AOPs follow unselective multistep 
oxidative pathways however; complex environmental matrices play the radical 
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scavenging role and limit their efficiency [8]. Photocatalysis (PC) is a highly selec-
tive, rapid and validated green technology that is able to react with various micro- 
pollutants. Factors that have inhibiting effect on PC process can be listed as (1) 
transformation of some complex organic fractions to the surface of TiO2 saturating 
its structures and (2) the presence of hydroxyl radical scavenging anions in solution 
matrix [9]. The influence of TiO2 concentration (0.5, 1, 2 and 3 g/L) on heteroge-
neous PC oxidation of GW (initial DOC: 29 mg/L) that originated from a hotel was 
investigated using a medium pressure mercury lamp (150 W) [10]. DOC removal 
increased by shifting the concentration of catalyst but limited to 2 g/L TiO2 concen-
trations (greater than 65% after 150 min) [10, 11]. As the number of the literature 
studies are still few to reach a conclusion for PC treatment of real GW from differ-
ent origin [8], this study aimed to investigate the efficiency of heterogeneous PC 
treatment of real GW samples (namely, raw, precipitated and filtered samples) using 
TiO2 nanoparticles.

 Materials and Methods

 Samples and Conservation

Real GW samples were collected from a 5-star hotel located in Antalya City, 
Turkey. Only 176 rooms of a total number of 310 rooms facilitated the GW collec-
tion system. The GW that originated from baths and sinks are treated in an 
ultrafiltration- based membrane bioreactor (MBR) and reused for greenfield 
(30,000 m2 cress) irrigation after a UV disinfection (planned to be optionally used 
in the extreme conditions such as overflow during intense season and was out of 
order during sampling) followed by a final chlorination [12]. Average GW origi-
nated was 100  L/capita-day according to a previous sampling (May–September 
2013: unpublished data). All samples were transferred to the laboratory in cooled 
boxes, and they were kept cooled at +4 °C during experiments without adding any 
conservative chemical.

 Chemicals and Synthetic Greywater Solutions

All chemicals used during experiments were of analytical grade. TiO2 (CAS 
#13463–67-7, zero charge point of 6.8, specific surface area (BET) of 35–65 m2/g 
and 21 nm primary particle size (TEM), molecular weight of 79.87, ≥99.5% trace 
metal basis (Aeroxide® P25)) was purchased from Sigma-Aldrich (Merck).
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 Photocatalytic Experiments

Initial adsorption is also a crucial step before PC process. According to optimized 
adsorption-desorption phase of organic matter, a prior adsorption-desorption time 
was taken into account during experiments, while irradiation was kept switch off.

The PC experiments were performed in a batch reactor system (100 mL water 
volume) using a multi-lamp photoreactor (14 lamps, Philips-8 W: 4.94 mW/cm2) in 
350 nm wavelength [10–14]. Photocatalyst doses varied from 0.5 to 2 g/L concern-
ing the previous studies performed on GW treatment [11–14].

The samples were ultrasound irradiated for 10 min for effective mixture of TiO2 
using the MRC Ultrasonic (US) bath. Effects of pretreatment, precipitation for 24 h 
(PGW) and filtration using 0.45 μm (FGW) were also determined. Finally effluent 
was droplet filtered using Millex HA MF-Millipore mixed cellulose (REF: 
SLHA033SS/LOT: R2KA49112) cut-off filter (0.45 μm) to separate catalysts in the 
treated samples. The performance of the PC reactor was determined by means of 
UV and DOC removals. The PC reactor was operated at room temperature.

 Analysis

The incident of photon flux was analysed by Universal Photometer (MRC, Israel). 
Degradation of real and synthetic GW samples was analysed by UV absorbance 
(Shimadzu, UV-1800), while mineralization was analysed by TOC or DOC mea-
surement (Shimadzu, 6KVA model). The pH, conductivity and salinity were anal-
ysed using a multi-parameter pH metre (Hach Lange). The characteristics of real 
GW samples were analysed according to standard methods [15].

 Results and Discussion

 Characterization of Real Greywater Samples (RGW)

Table 1 shows the compositions of the RGW samples collected from the influent 
and effluent of the existing MBR plant at the hotel. According to Table 1, the char-
acteristics are close to moderate compared to the literature values.

 Photocatalytic Experiments

Adsorption-desorption profiles are presented in a way to represent initial condi-
tions just before the PC process get started (Fig. 1). Following adsorption-desorp-
tion period, PC degradation of colloids takes place and results in reduction of COD 
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and TOC inside the system, while a simultaneous release of dissolved COD takes 
place [10–22].

US irradiation seemed to increase initial UV254 values for RGW (data not shown) 
due to degraded colloids that lead to release of dissolved COD into the solution 
matrix [23]. Optimum photocatalyst dosage was initially determined based on DOC 
removal rates.

Contrary to increasing trend of DOC removal at higher TiO2 dosages, UV254 
removal rates remained stable between 0.2 and 0.5 g/L initial TiO2 concentrations 
[10]. Increasing TiO2 dose (0.1–1 g/L) resulted in enhanced mineralization rates 
(DOC removal: 10–28%) for the raw GW sample [7–24].

PC degradation of organics and the mineralization processes proceed (not reaching 
a stable phase) throughout the 120 min of PC process time after pre-filtration (Fig. 2a). 
It is clearly evidenced that 0.45 μm filtration is able to retain prevailing bacteria-DOM 
interactions (Fig. 2b) [9]. The highest PC removal efficiency was achieved at 0.5 g/L 
TiO2 initial conditions (greater than 30% DOC) on the PGW sample in which colloid-
based competition for the active surface sites is negligible [7].

Regarding DOC removal rates at 30–120 min irradiation times, both sources of 
GW seem to play an analogous role on PC mechanism (Fig.  3). The xenobiotic 
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Fig. 1 Comparison of adsorption-desorption profiles of RGW using 0.1 (a), 0.2 (b), 0.5 (c) and 1 
(d) g/L TiO2 concentrations at neutral pH (ADS adsorption, DSP Desorption)
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components such as sodium laureth sulphate, benzophenone-4, benzyl salicylate, 
citronellal and polyphosphates were reported to cause inhibitive effects, while poly-
ethylene glycol and derivatives were reported to enhance PC degradation. Those 
components have been theoretically retained in the 0.45 μm cellulose acetate filters 
and resulted with an overall enhancement of PC activity (35% of DOC removal 
efficiency), while PC mineralization performance remained stable for raw and pre-
cipitated samples [25].

The order of DOC removals in the PC-treated URGW, UPGW and UFGW sam-
ples was 27, 28 and 35%, respectively, at natural pH (Fig. 4). The RGW sample 
displayed a stronger inhibitive effect on the PC mechanism with regard to pretreated 
samples in well accordance with literature findings [25].

Table 2 compares the results obtained in different studies regarding the PC treat-
ment of GW samples. According to Table 2, PC itself proved a consistent removal 
efficiency in our study after 120 min of irradiation. From the results of this study 
and the literature summarized in Table 2, it is possible to conclude that PC is to be 
an adequate option as an alternative to MBR treatment. However, it has apparently 
concluded from different study findings that a pretreatment step is a prerequisite for 
PC treatment based on energy and treatment efficiency aspects.

Contrary to general view, MBR treatment of GW has potential to pose several 
threats. Limitations in filter pore size and molecular size fraction distribution of 
DOM result in reaction of residual organics with final chlorination (Fig. 5). That’s 
why AOPs are more pronounced to ensure safe effluents in terms of DOM and bac-
teria and/or other recalcitrant pollutants compared to many physical, chemical or 
biological processes alone or combined [26].

Briefly speaking, DOM is not the only constraint in PC reactions, but also pH, 
anion concentration and alkalinity of biologically treated GW characteristics have 
potential to cause alterations in the process performance [16].

Several researchers have proposed that chlorination or alternative disinfection 
options are necessary to meet the requirements of reuse standards shown in Table 1. 
Accordingly, as the PC process itself may fail to meet level of disinfection or the 
risk of photoactivation of bacteria, the ideal treatment option would necessitate a 
combination of PC process with a final chlorination (disinfection) [26].
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Fig. 4 Comparison of 
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Given the fact that PC process itself has been proven to be an adequate option for 
mineralization of various organics present in greywater, fundamentals, design crite-
ria, basic limitations and instructions for the PC process could be set to design an 
ideal photo-reactor to control of the microbiological aspects as well [28].

Considering the literature and the findings obtained in this study (see Table 2), 
the PC reactor conditions are possible to propose as seen in Table 3.
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Fig. 5 Comparison of 
absorbance evolution in 
RGW and chlorinated 
effluent samples

Table 3 Proposed PC reactor conditions for GW treatment compared to existing MBR treatment 
unit

Terms of reactor Conditions

Photocatalyst dose >0.5 g/L
Pretreatment Physical/ultrasound [10]
Adsorption at dark 
conditions

>10 min

Final chlorination Yes (NOM—Bacteria cell interaction may inhibit PC disinfection 
performance [14–22]

Process (retention) 
time

3–4 h (would vary according to UV energy and GW characteristics as well 
as reuse purpose/legislations)

UV irradiation 
conditions

Simulated UV-A equivalent or higher than 30 W/m2, should meet the 
average 2 mW/cm2 UV-A energy requirement that is theoretically max 
3.5% of solar energy [14]

Surface area 20–1000 m2/m3 of GW
350 m2/m3 for biologically treated GW [29]

Mixing and flow 
conditions

Turbulent flow in order to ensure perfect mixing of TiO2 along the flow 
direction [30]

Materials Plexiglass, quartz glass or a material that provides equal transparency to 
visible UV [14]

Evaluation of Heterogeneous Photocatalytic Treatment for Reuse of a Hotel’s Greywater
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 Conclusion

This study focused on the optimization of photocatalytic reactor for a hotel’s grey-
water treatment. Some pretreatment options such as ultra-sonication, precipitation 
and micro-filtration were considered to enhance the process performance. The find-
ings of this study are summarized in the following:

 – Emphasizing that removal of chemicals of emerging concern in greywater by 
filtration and/or biological treatment options would be very costly and 
unfeasible.

 – In order to overcome filter-type and structure-based limitations, integration of 
PC treatment as pre- or post-treatment seems to be a promising approach.

 – The results obtained in this study indicated that the use of PC as sole treatment 
with pre-filtration was satisfying to comply with the reuse COD limits.

 – It is worthy to note that organic load and photocatalyst dose are determining fac-
tors on PC mineralization rates.
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An Overview of Results and Conclusions 
from ITU Segregated Streams/ECOSAN 
Research Group Experience on Gray Water 
Management

Bilsen Beler-Baykal

Abstract Gray water is a segregated domestic wastewater stream, which may be 
returned to almost any point in the water cycle after pertinent treatment. It is a reli-
able and renewable source of water. The experience of ITU’s segregated streams 
and ECOSAN research group has revealed/confirmed some issues/facts about gray 
water management based on Turkish case studies. Characterization of gray water 
and/or its sub-streams to be recycled and reused is a key factor in determining final 
uses as well as selecting the most appropriate treatment schemes and feasible lay-
outs. Pathogens may be as significant a parameter as the predominantly mentioned 
organic matter. Carefully performed water balances regarding the amount which is 
to be supplied by reclaimed gray water and the amount of gray water that may pos-
sibly be produced within an area are critical in the success and feasibility of the 
process. Proximity of the gray water source to the location of end use is yet another 
significant determinant. Economic analysis for reclaimed gray water use for toilet 
flushing in the Turkish megacity Istanbul has shown that the suggestion is feasible 
with payback periods of less than 5 years with optimal number of units in develop-
ments. Social acceptance surveys indicate that there is a considerable approval for 
the use of reclaimed gray water. All in all, the idea of recycling and reuse of 
reclaimed gray water makes a lot of sense, and the conclusions drawn in terms of 
technical/environmental, economic, and social tiers of sustainability have provided 
motivating results.
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 Introduction

Management of domestic wastewater after segregation into different fractions , as 
described in Chap. 2, which are to be processed separately to be revaluated for fur-
ther end uses is one of the recent promising options with significant contributions 
toward sustainability of the environment and limited sources. Gray water is one of 
those segregated domestic wastewater streams which consists of all wastewater 
coming from various washing activities in the household. It is practically the entire 
domestic wastewater except that part which comes from the toilet bowl (black 
water). Gray water will be produced regardless of the type of domestic wastewater 
separation either in two components or in three components.

Since in terms of pollutants gray water is a milder stream as compared to conven-
tional domestic wastewater as well as other segregated streams, it may be returned 
to almost any point in the water cycle after proper treatment and may be used as an 
alternative source of water. As it will indispensably be produced as a result of human 
activity wherever people live, it is a reliable and renewable source. Substitution of 
pristine water with reclaimed gray water in line with the “fit for purpose use” is a 
promising practice for the sustainability of water resources and will especially ben-
efit areas under water stress or water scarcity.

Gray water constitutes the highest portion by volume among possible segregated 
streams as it amounts up to 3/4 of domestic wastewater and contains organic matter 
as the primary pollutant. Pathogens are also significant as will be discussed later.

The most preferred end uses seem to be toilet flushing and irrigation at this time 
although a line of different end uses have been suggested like car washing, firefight-
ing, industrial reuse including cooling water, groundwater recharge, etc.

While Australia and Germany [1–3] are among the leaders of gray water recy-
cling, efforts of gray water reclamation and reuse in Turkey are rather new; how-
ever, interest in the subject matter is increasing in time. This section focuses upon 
conclusions drawn from Turkish case studies and aims to present a quick overview 
of gray water management first and then to share some of the gray water-related 
work undertaken at Istanbul Technical University by the ITU segregated streams/
ECOSAN research group, addressing this can be directed to various[4–6] and sur-
veys conducted as a requirement of a doctoral level course entitled “Segregated 
collection and management of domestic wastewater and ECOSAN” together with 
other projects/activities since 2010. Within the scope of this section, specific empha-
sis will be placed upon the significance of characterization of gray water and its 
consequences, significant parameters in revaluation of gray water, examples and 
costs of gray water treatment, social acceptance, and applicability.

 An Overview of Gray Water and Its Management

Gray water may be produced both in two-component segregation of domestic 
wastewater as black water and gray water and in three-component segregation (or in 
more widely used terms ECOSAN – ECOlogical SANitation segregation), where 

B. Beler-Baykal



259

separation involves gray water together with yellow water (source separated human 
urine) and brown water (separately collected human feces).

Being separated from black water (or alternatively from yellow and brown water), 
gray water is practically free of most of the nutrients and over half of organic matter 
contained in domestic wastewater. Since gray water is equivalent to ¾ of domestic 
wastewater by volume, constituents therein occur in more dilute concentrations as com-
pared to the conventional one and other streams. The level of pathogens is expected to 
be relatively low as it leaves toilet wastewater out. As such, gray water is a milder stream 
in terms of pollution potential as compared to conventional domestic wastewater as well 
as other streams that may be generated as a consequence of stream segregation.

In terms of nutrients, as gray water is separated from yellow water, its nutrient 
content is low with typical values as 3% of domestic wastewater for nitrogen and 
10% for phosphorus as mass percentages. Hence, gray water is not critical in terms 
of the nutrient problem. It contains about 40% of organic matter that needs to be 
treated before it can be directed to various end uses [7, 8]. This can be done using a 
line of treatment schemes, which frequently employs biological processes. 
Additionally, pathogens are significant from the perspective of public health. As 
will be addressed in subsequent sections, characterization of the gray water to be 
handled is a crucial issue in the selection of the most suitable treatment plants and 
the most efficient route for recycling and reuse.

Although collection of the entire gray water in a mixed mode is a viable option, 
further segregation into segments as light (or weak) and strong (or dark) gray water 
is also possible. While light gray water comes from bathtubs, showers, and washba-
sins, strong gray water contains wastewater from kitchen sinks, dishwashers, and 
washing machines. Examples of typical gray water characteristics from the litera-
ture are presented in Table 1 [3]. A survey of the table reveals that while combined 

Table 1 Examples of typical average gray water characteristics [3]

Unit
Combined Light

Student residence hallcHouseholda Householdb

COD mg/l 245 112 96
sCOD mg/l 177 29
BOD mg/l 90 78 46
sBOD mg/l 31
TSS mg/l 48 37 39
VSS mg/l 39
TKN mg/l 9 5.4d 4.6
TP mg/l 7.3 0.2 0.9
Turbidity NTU 49.5 26
Total coliforms cfu/100 ml 1.36E+04 2.20E+08
Fecal coliforms cfu/100 ml 3.57E+03
E. coli cfu/100 ml 3.00E+04 3.90E+05
Enterococcus cfu/100 ml 8.50E+03 2.50E+03

a[9]
b[10]
c[11]
dAs total nitrogen
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gray water is comparable to weak domestic wastewater or better in general, light 
gray water is by far milder as compared to even weak domestic wastewater with 
organic matter as the most outstanding pollutant and pathogens should not be 
overlooked.

It is interesting that the typical water use ending up in light gray water production 
makes up about 30% of daily water use while toilet flushes use 25–30% [12]. This 
makes light gray water to be collected from bathtubs, showers, and washbasins just 
the right amount to be directed into toilet flushes. Hence reclaiming gray water for 
toilet flushing is a wise practice, which will typically save about ¼ of the daily 
drinking water quality pristine water and eliminate “wasting” of that high a quality 
of water for an unworthy purpose [13].

An illustration of a typical scheme for gray water management is presented in 
Fig. 1 [14]. Following separation from toilet wastes, gray water is lead into a collec-
tion tank, which is spared for raw gray water only. Thereafter, raw gray water is fed 
in an appropriate treatment system, mostly a biological one, although depending 
upon its characteristics, physicochemical treatment may also be an option. With 
biological systems, a line of options are possible, including high-tech compact sys-
tems like membrane bioreactors (MBR) and rotating biological contactors as well 
as low-tech land-demanding ones like constructed wetlands. Although disinfection 
will be more critical for non-MBR treatment systems, all schemes with the inclu-
sion of MBRs seem to include a disinfection unit for hygienic safety for elimination 
of possible health risks.

As it will inevitably be produced wherever people live, gray water may be used 
as a dependable and renewable alternative source of water following pertinent treat-

Fig. 1 Separate collection and management of gray water [14]
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ment and may be returned to almost any point in the water cycle. Currently its use 
as a non-potable water source has found a larger acceptance as compared to potable 
water, which is also possible after more stringent treatment. As such, gray water 
recycling and reuse is a practice which will benefit mankind through aiding sustain-
ability of water resources and as an important tool especially for water stressed and 
water scarce areas.

 Highlights of ITU Segregated Streams/ECOSAN Research 
Group Experience

Segregated streams and ECOSAN research group of Istanbul Technical University 
(ITU) has been focusing upon reclamation, recycling, and reuse of gray water since 
2010. Investigations and results of the work by the group have revealed/confirmed 
some issues/facts about gray water management. Observations and conclusions 
within that realm include:

• Characterization of gray water and/or its sub-streams to be recycled and reused 
is a key factor in determining final uses as well as selecting the most appropriate 
and feasible treatment schemes.

• Pathogens may be as significant a parameter as organic matter.
• Carefully made water balances to relate the quantity of the demand which is to 

be supplied by reclaimed gray water and the quantity to be collected from pos-
sible segregation options of gray water within an area are critical in the success 
and feasibility of the process.

• Proximity of the gray water source to the location of end uses is another signifi-
cant determinant.

• Economic analysis for reclaimed gray water use for toilet flushing in Istanbul has 
shown that it is feasible with payback periods of less than 5 years.

• Social acceptance surveys have provided motivating results, and they indicate 
that there is a considerable approval for the use of reclaimed gray water.

 Characterization and Significant Parameters

As different origins and segments show significant variations, quality of the specific 
gray water to be handled is an important issue in making decisions about the treat-
ment scheme as well as the preparation of the most appropriate management plan. 
Monitoring through rather long spans of time, preferably for a year, is recommended 
for dependable characterization. Table 2 presents averages from such monitoring 
programs to show that even though only light gray water was observed, characteris-
tics could differ a lot [10]. The table reveals further that, even though using exactly 
the same origin, bathtubs, showers, and hand washbasins in the case of the 5-star 
hotel and the student residence hall, contents may have a difference which exceeds 
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100% as exemplified by the organic content. In both cases, reclaimed gray water 
quality was highly satisfactory. In the case of the five star hotel which featured 
MBR treatment for example, year round monitoring of the influent and effluent 
streams revealed that it was mostly the membrane rather than the biological treat-
ment which was predominant in the removal of organics and actually the bio section 
could be eliminated. This suggests that for this specific light gray water which was 
low in organic concentrations and had a low BOD with considerable solids of 
organic origin, a physicochemical treatment unit employing membrane filtration 
only would be sufficient. Hence, the “biological” segment of the MBR treatment 
unit was in fact obsolete due to the low organic content which was mostly in particu-
late form and that actually it was the physical segment, the ultrafiltration membrane, 
which performed the treatment [15]. Lab-scale experiments have also shown that 
whenever gray water quality permits, physicochemical systems may be used as an 
option [16].

Organic matter is cited by far as the most predominant pollutant in gray water in 
the literature which has to be treated before reuse. Although not emphasized as 
clearly and strongly as organic matter in the literature, control of pathogens is essen-
tial in safeguarding hygienic well-being [17].

 Costs and Payback Periods

Economic considerations constitute one of the main concerns especially for new 
approaches. Initial costs, operating costs, and payback periods for MBR treatment 
in the Turkish megacity Istanbul were investigated for households and hotels. The 
results presented in Figs. 2 and 3 reveal that 200 units or more is a fair size for best 
outcomes in terms of economics both for households and for hotels with similar 
investment costs of about 200 and operating costs as 10 Euros per housing unit or 
hotel guestroom both. Payback periods on the other hand are about 2  years for 
households and 1 year for hotels with the conditions prevailing in Istanbul. Moreover 

Table 2 Results of physicochemical analyses in various light gray water from Istanbul [15]

Parameters (mg/L) Five-star hotela Student residence halla University buildingb

COD 120 217 89
sCOD 40 85 39
BOD 32 76 54
TSS 87 145 12
VSS 47 96 4
TKN 6.99 6.76 –
NH3-N 2.58 0.62 0.14
TP 2.29 1.78 –
PO4-P 1.05 0.75 0

aBathtubs/showers/hand washbasins
bHand washbasins
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if an additional piping cost of 25–100% is anticipated, the payback period, in all 
circumstances, would be less than 5 years in any case, which is an acceptable one 
[14]. Acceptable economic results for gray water recycling were also confirmed by 
Efe [6].

 Applicability

An analysis of gray water recycling regarding various end uses and their combina-
tions including toilet flushing, irrigation, car washes, urban cleaning, and industrial 
use as cooling water based upon real data from a Turkish neighborhood near Istanbul 
was presented by Efe [6] to show the significance of water balances. Matching 
quantities between the demand for an end use and what can be collected in a defined 
area is one of the fundamental steps for gray water management. Since with such an 
application, a wastewater stream, i.e., gray water, would be an input for water sup-
ply, water balances and incorporation of water/wastewater cycles as well as a holis-
tic look are specifically important.

Another critical feature of gray water management is the proximity of the source 
of gray water to the final users as transportation may play a determining role in the 
applicability and feasibility of this practice [6].

Additionally, it was demonstrated by Giresunlu and Beler-Baykal [18] that once 
treated properly, there was no growth of pathogenic indicators in toilet flushes and 
the zero counts recorded in successfully reclaimed gray water in an MBR followed 
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Fig. 2 Costs and payback periods for MBR treatment in households in Istanbul [14]
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by UV disinfection stayed at zero counts through nine consecutive days of the 
 monitoring period in the flush reservoirs. Finally, a comparison of the yield of pep-
pers irrigated with tap water and those irrigated with gray water was compatible [19].

 Social Acceptance

Social behavior and acceptance of consumers is one of the key elements to turn 
implementations into success stories, especially new and non-conventional ones. 
Surveys to assess public acceptance regarding gray water reuse were undertaken to 
indicate motivating results [20]. The results revealed that there was a high accep-
tance especially toward the use of gray water for toilet flushes with an acceptance 
level of about 90% as well as irrigation of green areas and landscape areas with 
over 80%.

 Concluding Remarks

Gray water is a reliable, renewable, and sustainable source of water, the use of 
which should not be postponed for the welfare of mankind and prolonged use of 
limited water resources. A good starting point would be conversion of toilet flushes 
from drinking quality water to reclaimed gray water which would save about 25% 
of pristine water which may be done easily especially in the case of new buildings 
and in periods of rebuilding.
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Wet Peroxidation of Olive Oil Mill 
Wastewater for Sludge Minimization

Sinan Guneysu and Semiha Arayıcı

Abstract Advanced oxidation process treatment method has been adapted to olive 
oil mill wastewater (OMW) for treatability in conventional plants by the aim of 
sludge minimization. Lots of olive oil mills have facilities in the Aegean Region, 
Turkey. Wastewater, used in this study, was collected from these factories. Because 
of the advanced and expensive treatment methods of this wastewater, regulations 
and limitations are ignored. 95 °C temperature and 10 bar pressure conditions were 
used with H2O2 as an oxidant in wet oxidation method. Over 96% of oil-grease and 
48% of chemical oxygen demand (COD) removal were achieved using wet air 
peroxidation in conditions with 2.5  mL H2O2/100  mL in 1  h. The influence of 
hydrogen peroxide with temperature and pressure makes the oil in wastewater 
soluble and in that way can be treatable in conventional plants.

Keywords Olive oil mill wastewater · Wet oxidation · Hydrogen peroxide · Waste 
minimization

 Introduction

Olive oil mill wastewater (OMW) is an effluent of the olive oil production process. 
It is known that OMW is a great problem in the Mediterranean countries, which 
farm olive and produce olive oil. Turkey is the fourth greatest producer in these 
countries which has a production of about 1.64  million tons/year of oil and 
2.1 million tons/year of total olive production. Turkey has 174,594 million olive 
trees for farming and produced 1,640,000 tons of olive oil in the year 2017 [1]. 
1,968,000  m3 wastewater is produced by the production of olive oil in decanter 
system. Also, 18,105 tons of waste oil and 20,075 tons of solids in wastewater are 
discharged in a year.
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By this means, the characterization of olive oil mill industry wastewater 
parameters ranges between 37 and 318 g/L (chemical oxygen demand), 15 and 
135 g/L (biological oxygen demand), 6 and 14.5 g/L (oil-grease), 6 and 69 g/L 
(suspended soils), and 4.6 and 5.18 (pH) [2].

Different treatment methods on OMW were tested, but most of them have a poor 
usage or expensive. Certain treatment methods that are used on OMW are diluting 
[3], settling [4], flotation [5], centrifugation [6], filtration [7, 8], thermal processes 
[9], evaporation [10], pyrolysis [11], neutralization [6], flocculation [12], chemical 
oxidation processes [13], advanced oxidation processes [14], Fenton processes [15], 
electrocoagulation [16], and aerobic and anaerobic treatment processes [17].

In recent years, chemical oxidation or Fenton processes, which are advanced 
treatment methods, have been developed for use in OMW treatment [4]. In Turkey, 
OMW has a limited treatment, so that only settling or land filling methods apply 
widely by municipalities [2]. However, these physical treatment methods make 
secondary pollution, like air pollution [18], groundwater pollution, and soil pollution 
problems. Also many problems concerning the high toxicity, oil content, air 
emissions, and biodegradability of the OMW appear in the settling tank. Therefore, 
a pretreatment is needed to remove the toxicity and oil content of OMW.

Wet peroxidation process increases the influence of hydrogen peroxide by high 
temperature and pressure. So, much more hydroxyl radicals can be produced with 
fewer hydrogen peroxide, and this helps degradation of the oil content of the 
OMW. By degrading the oil content of the wastewater, it can be easily treated with 
domestic wastewater in municipality treatment plants.

Simply, photolysis reactions of H2O2 and kinetics are given below [19].
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Waste HO Products CO H O HO inorganic compounds+ → + + +( )• •2 2 2  

(7)

The first, second, and fourth reactions are identified as hydroxyl radical 
formations.

 Olive Oil Production Method

Nowadays, four methods are used for olive oil production [20]:

• Traditional press method
• Three-phase process method
• Two-phase process method
• Virgin olive oil production method

 Traditional Press Method

This method uses the hydraulic pressure to produce oil. In press process, firstly the 
olives are washed with warm water and then kneaded and crushed. After that, this 
olive paste is pressed for separating oil and wastewater in decantors [21, 22]. In 
press method, olive oil mill wastewater has a characterization of 90–100 g/L BOD, 
90–130 g/L COD, and pH range of 4.5–5.0 [20].

 Three-Phase Process Method

At the end of this process, there are three phases: oil, wastewater, and bagasse (oil 
waste). Since this process uses a lot of process water, excess amount of wastewater 
is formed [23].

 Two-Phase Process Method

In this system, no process water is needed during the production, and two phases are 
formed as oil and bagasse after the process. The system is very attractive ecologically 
because the liquid phase does not form, and a large part of the wastewater comes out 
with bagasse. The resulting solid phase contains 50–60% water and 2–3% oil [23].
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 Virgin Olive Oil Production Method

Adhesion of oils to all surfaces forms the basis of the infiltration process. A metal 
layer with a recessed surface used for this process adhesion is immersed in olive 
paste, and the cavities on the layer are filled with oil. In this method, a large number 
of metal sheets are used, and the system used is known as the “Sinoles system.” A 
machine with a surface area of 6000 m2 consisting of 5120 plates can process 350 kg 
of dough in 7–8 min. However, it is stated that the method cannot be used alone but 
can be integrated with press or centrifugation methods [20].

Table 1 summarizes the process water, wastewater, bagasse, and energy require-
ments of olive oil production types.

 Materials and Methods

In this study, 1–2.5 mL of hydrogen peroxide was mixed with 100 mL of OMW and 
reacted at 95 °C temperature and 10 bar pressure in 1 h.

 OMW Samples

The wastewater sample used in this study was directly collected from the effluent of 
the process plants in the Aegean Region in the production season (usually November 
and December). The samples were quickly analyzed and stored at +4 °C [24].

Table 1 Material and energy balance of olive production methods (1/ton olive)

Process type Input
Input 
amounts Waste

Waste 
amounts

COD 
(g/L)

Traditional press 
method

Washing 
water
Energy

0.1–0.12 m3

40–63 kWh
Oil
Bagasse (25% 
water + 6% oil)
OMW (88% water)

200 kg
400 kg
600 L

90–130

Three-phase 
decantor

Washing 
water
Cleaning 
water
Oil cleaning 
water
Energy

0.1–0.12 m3

0.5–1 m3

10 L
90–117 kWh

Oil
Bagasse (50% 
water + 4% oil)
OMW (94% 
water + 1% oil)

200 kg
500–600 kg
1,000–
1,200 L

60–90

Two-phase 
decantor

Washing 
water
Energy

0.001 m3

<90 to 
117 kWh

Oil
Bagasse (60% 
water + 3% oil)

200 kg
800–950 kg

10–15
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 Wet Peroxidation Reactor

The reactor was designed for working at high temperature and pressure safely. It is 
constructed from stainless steel and works up to 300 bar pressure perfectly. 
Furthermore, the oxidant agent we used in this study was not harmful to the reactor. 
The reactor was equipped with a gas inlet valve for increasing the pressure, a hole 
for injecting the oxidant agent addition, and a safety pressure valve for preventing 
from the dangers of high pressure. Figure 1 shows the schematic drawing of wet 
peroxidation reactor.

 Results

Turkey-Aegean Region OMW was selected for this study and characterized as given 
in Table 2.

As seen from Table 1, high content of COD and oil-grease content make the 
conventional treatment impossible.

It has been obtained from the experiments that the oil-grease removal efficiency 
was about 97%, whereas COD removal efficiency was 48% by the wet peroxidation 
process with 2.5 mL H2O2/100 mL OMW. The removal of the oil-grease parameter 
was significant as the main performance criteria in this study. Table 2 shows the 
COD removal by the hydrogen peroxide amount used in the process. As mentioned 

Fig. 1 Schematic drawing of wet peroxidation reactor [25]
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in Table 2, wet peroxidation conditions were determined as 10 bar reactor pressure, 
95 °C reaction temperature, and 1 h reaction time within the 1–1.5–2–2.5 mL hydro-
gen peroxide additions to 100 mL of OMW.

Figure 2 indicates the removal of COD and oil-grease by wet peroxidation. The 
y-axis of the diagram shows COD and oil-grease values as mg/L, whereas the x-axis 
shows the mole of hydrogen peroxide added to the reactor per 100 mL of wastewa-
ter. Graphics show that the addition of hydrogen peroxide increases the treatment 
efficiency. However, the economic charges are so important that we suggest the 
optimum value was 2 mL H2O2/100 mL OMW addition, whereas COD and oil- 
grease removals were 57,330 and 536 mg/L, respectively.

 Discussion

With the aim of the increase, the efficiency with different oxidation experiments 
was tried out at a temperature of 95 °C, 10 bar nitrogen gas pressure, and 1 h reac-
tion time. Table 3 states the oxidized values of COD and oil-grease by addition of 

Table 2 Characterization of 
raw olive mill waste

Parameter (mg/L) Value

Chemical oxygen demand 88,064
Oil-grease 9,217
Suspended solids 5,020
Total solids 10,212
Volatile suspended solids 4,480
Phosphorus 84
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1 – 1.5 – 2 and 2.5 mL hydrogen peroxide as an oxidant, per 100 mL of wastewa-
ter. Therefore, removal capacity of COD and oil-grease was calculated as 48.5% 
and 96.7%, respectively.

The higher the rate of hydrogen peroxide in addition to the wastewater, the higher 
the removal capacity on COD and oil-grease. We know from the literature that to 
remove 1 g of COD, theoretically 0.0625 mol H2O2 is needed [26]. Olive oil mill 
wastewater used in this study was characterized as 88,064 mg/L COD value, and 
theoretically 5 mol of H2O2 are need for oxidation. The optimum hydrogen peroxide 
dose, which is needed less than the theoretical value, can be explained as increasing 
the oxidant efficiency by reaction temperature and pressure. Furthermore, the 
removal ratio of oil-grease was calculated as 96.7%, but still 302 mg/L residual value 
couldn’t be removed. This value is too high to be discharged according to the Water 
Pollution and Control Regulations [27], and a second treatment has to be done.

 Conclusion

In Turkey, 3842 million m3 wastewater is treated in plants per year, and 1138 mil-
lion tons of sludge is produced from these facilities. If olive oil mill wastewater has 
a chance to be treated by a plant, 20,075 tons of sludge would be produced from 
1968 million m3 wastewater treated [1]. It is important and successful to perform 
the preoxidation for the treatment of olive oil wastewater when sludge minimiza-
tion is targeted.
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Abstract In the present study, the biosorption of Astrazon Blue FGRL (AB) which 
is one of the cationic dyes most commonly used in nylon and acrylic textiles from 
aqueous solution was studied onto tea waste (tea dust discharged after using), a 
waste lignocellulosic material. The effects of different parameters including biosor-
bent dosage, initial pH, contact time, initial dye concentration, and temperature 
were studied. Tea waste was characterized by Brunauer-Emmett-Teller (BET) sur-
face area, FTIR, and SEM. The experimental equilibrium data were fitted to the 
Langmuir and Freundlich isotherms. The Freundlich isotherm model fitted to the 
experimental data better than the Langmuir isotherm. The maximum biosorption 
capacity, qmax, was found to be 263.16 mg/g. The experimental data were discussed 
in detail comparing with some other low-cost adsorbents reported for AB removal 
in the previous literature, considering qmax, adsorbent surface area, experimental 
conditions, isotherm models, and thermodynamics of the AB adsorption. The ther-
modynamic data indicated that AB biosorption was feasible but nonspontaneous, 
endothermic, and a chemisorption reaction.
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 Introduction

Discharge of colored wastewaters from textile industries into natural streams causes 
several environmental problems which is accompanied by the necessity of removal 
of the dyes from wastewater before discharging into water bodies. In wastewater 
treatment, various methods such as biological treatment, coagulation, membrane 
separation, advanced oxidation, and adsorption are used to remove dye.

Adsorption is a simple, very efficient separation process. It is easily operated. 
Therefore, among the mentioned techniques above, it attracts extensive attention. 
However, the use of inexpensive adsorbents having high adsorption capacity is a 
very important issue in terms of adsorption technology [1]. Powdered and granular 
activated carbons are the most commonly used adsorbents in the treatment of indus-
trial wastewater. However, they are not low cost. Whereas, adsorbents to be used in 
wastewater treatment should be low cost, easily available, and environmentally 
friendly and have high adsorption capacity. Agro-based waste materials/by- products, 
industrial by-products, and biomasses such as bacteria, yeast, and fungi do meet 
these requirements. Lignin and cellulose are the two major constituents found in 
agro-based waste materials and by-products. Besides, these materials may also con-
tain alcohols, aldehydes, ketones, and carboxylic, phenolic, and ether groups, which 
are the other polar functional groups of lignin [2]. Nowadays, the agro-based waste 
materials/by-products, which are lignocellulosic materials, attract particular inter-
ests due to their environmentally friendly properties, inexpensiveness, and easy 
availability as an adsorbent.

In this study, the removal of Astrazon Blue FGRL (AB) dye by tea waste (tea 
dust discharged after use), which is a lignocellulosic material, was investigated. AB 
is a cationic dye which is widely used for dyeing acrylic and nylon. These groups of 
dyes have complex chemical structures. Therefore, they are not destroyed by chemi-
cal, physical, and biological treatment [3]. Even at low concentrations, the majority 
of the cationic dyes are harmful to human beings and toxic to microorganisms [4].

Up to now, researchers have worked on the utilization of macroalga C. lentil-
lifera [5], dried biomass of baker’s yeast [6], fly ash, apricot stone activated carbon 
[7], dried sea grape (Caulerpa lentillifera) [8], and sepiolite [7, 9] for Astrazon Blue 
FGRL (AB) removal from aqueous solution. However, according to our literature 
knowledge, the utilization of tea waste for adsorbing AB has not been reported.

Tea plant (Camellia sinensis (L) Kuntze) is grown in various countries in the 
world. After tea leaves were dried and cured by tea factories, it is widely consumed 
as a beverage. Turkey is one of the largest producers of tea in the world. Tea plant is 
usually grown in Rize, Turkey. In Turkey and many other parts of the world, it is one 
of the most popular and inexpensive beverages. The used tea after preparation of 
this beverage is completely disposed of as a waste. It is therefore available in huge 
amounts as solid wastes from houses, cafes, and restaurants in nearly all parts of the 
world.

In the scope of this study, the effect of various operational parameters (adsorbent 
dosage, contact time, initial dye concentration, pH, temperature) on AB removal 
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was studied. The biosorption equilibrium isotherms and thermodynamic parameters 
of AB dye on tea waste were evaluated. The AB removal using tea waste was com-
pared and discussed in detail with various low-cost adsorbents reported in the litera-
ture, in the light of the adsorbent surface area, experimental conditions, isotherm 
models, and thermodynamic and maximum adsorption capacity.

 Experimental

 Biosorbent

Tea dust discharged after use (tea waste) was collected from households and used 
without any additional pretreatment except for washing and sieving to obtain the 
desired adsorbent sizes. The Turkish tea waste was washed several times with boiled 
water and then washed with an adequate amount of distilled water until the washing 
water contained no color. The washed tea was dried in an oven at 70–80 °C for a few 
hours and then sieved to the particle size of 0.8–1  mm. The dried material was 
stored in dark glass bottles for further use.

 Chemicals

Astrazon Blue FGRL (AB) was obtained by DyStar, from Turkey. This dye con-
sisted of two main components which were C.I. Basic Blue 159 and C.I. Basic Blue 
3 (Fig. 1). The ratio of the two components was 5:1 (w/w).

A 1000 mg/L stock solution of the AB was prepared in distilled water. The solu-
tion was diluted to the required concentration for the experiments.

Fig. 1 Chemical structures 
of (a) C.I. Basic Blue 159 
and (b) C.I. Basic Blue [7]
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 Characterization of Biosorbent

In this study, the characterization of tea waste was performed by utilizing Brunauer- 
Emmett- Teller (BET) surface area, Fourier transform infrared (FTIR) spectroscopy 
(Shimadzu model FTIR-8201 PC (1000–4000 cm−1), and scanning electron micros-
copy (SEM) (Hitachi 2300 Scanning Electron Microscope). The analysis of 
Brunauer-Emmett-Teller (BET) surface area was carried out in the METU Central 
Laboratory-Training Centre in Ankara, Turkey.

 Batch Biosorption Experiments

In the batch biosorption experiments, the tea waste was weighed and then placed in 
250 mL stoppered Erlenmeyer flasks containing 50 mL of dye solution. The flasks 
were then placed in a water-bath shaker and agitated at a stirring rate of 200 rpm. 
The suspensions were filtered, and the concentrations of AB in the filtrate were 
analyzed using a UV/VIS spectrophotometer (Perkin Elmer UV/VIS spectrometry) 
by monitoring the absorbance (at 599 nm). The experiments were conducted with 
varying biosorbent dosages (50, 100, 200, 300, 400, 600 g/L), contact times (5, 15, 
30, 45, 60, 75 min), initial AB concentrations (25, 50, 100, 200 mg/L), initial pH 
(2.0, 4.0, 6.0, 8.0, 10.0), and temperature (20, 30, 40, 50 °C). The desired pH of the 
solution was adjusted using dilute HCl and/or dilute NaOH.

The amounts of dye uptake per unit weight of the biosorbent qe (mg/g) and dye 
removals (%) were calculated by the following equations, respectively:

 
q C C

V

Me emg g/( ) = −( )0
 

(1)

 
Dye removal e%( ) =

−( )C C

C
0

0

100
 

(2)

where C0 and Ce are the initial and equilibrium concentrations of dye in the solution 
(mg/L), respectively, V is the total volume of the dye solution (L), and M is the mass 
of the biosorbent used (g).

To ensure the repeatability of the data, the biosorption experiments were per-
formed at least twice, and the mean values were presented.
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 Theory

 Equilibrium Isotherms

Langmuir model (Eq. 3) and Freundlich model (Eq. 4) are expressed in linear form 
as follows [10, 11]:
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where Ce is the equilibrium dye concentration (mg/L), qe is the amount of dye 
uptake per unit weight of the biosorbent (mg/g), qmax is the maximum biosorption 
capacity of the biosorbent (mg/g), b is the Langmuir isotherm constant (L/mg), and 
KF (mg/g) and 1/n are the constants representing the biosorption capacity and the 
biosorption intensity, respectively.

 Thermodynamic

The thermodynamic parameters (the change in free energy (ΔG), enthalpy (ΔH), 
and entropy (ΔS)) were calculated using the following equations:

 ∆G RT K= − In d  (5)
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where Kd is the distribution coefficient for the adsorption; ΔH, ΔS, and ΔG are the 
changes in enthalpy, entropy, and Gibb’s free energy, respectively; R is the gas con-
stant; T is the absolute temperature; q is the equilibrium concentration of dye cat-
ions sorbed onto biosorbent (mg/L); and Ce is the equilibrium dye concentration 
(mg/L).
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 Results and Discussion

 Characterization of Tea Waste

 Specific Surface Area

The Brunauer-Emmett-Teller (BET) surface area of the tea waste as a natural mate-
rial with plant origin was determined as 0.871 m2/g. It can be said that the BET 
surface area of the tea waste is significantly smaller than that of the activated car-
bon. It is known that the surface area of several activated carbons used for wastewa-
ter treatment is about 1000 m2/g [12].

Lignocellulosic adsorbents (natural raw materials mainly with plant origin) such 
as agro-based waste materials usually exhibit low surface area. Physicochemical 
modifications of these materials can enlarge surface area, type of adsorbing sites, 
porosity, etc. Thus, sorptive capacity can be improved. However, it is noted that the 
modification process may compensate for the cost of additional processing [13]. 
Therefore, tea waste was not subjected to any pretreatment.

 Fourier Transform Infrared (FTIR) Analyses

In this study, the chemical characterizations were studied by Fourier transform 
infrared (FTIR) spectroscopy in order to identify the functional groups that might 
have participated in the biosorption and also indicate the surface site(s) on which 
biosorption has taken place. The FTIR spectra for tea waste before and after dye 
biosorption are shown in Fig. 2. The FTIR spectral characteristics of the tea waste 
are shown in Table 1. The spectral data obtained from FTIR analyses in the present 
study were found to be similar to the ones (bonded OH groups, aliphatic C–H group, 
secondary amine group, etc.) obtained from some other studies on heavy metal or 
dye biosorption by tea (tea dust discharged after use, waste tea leaves from tea fac-
tory, etc.).

From the FTIR spectra, various functional groups were detected on the surface 
of the biosorbent sample before and after biosorption. As can be seen from Fig. 2, 
the spectra display the number of adsorption peaks. Figure 2 also shows that the 
comparison of the spectra of the tea waste unloaded and loaded with dye showed 
changes in the absorption intensities of various peaks.

According to the spectra, it can be said that the biosorbent exhibits a complex 
nature. Vien-Lin et al. [14] revealed that the troughs due to the bonded OH groups 
can be observed in the range of 3340–3380 cm−1. Fazal and Rafique [15] reported 
that the trough was observed at 3404.47 cm−1 (–OH, –NH). In our study, the bonded 
OH groups were seen at 3310.6 cm−1 before adsorption. The band changed after 
biosorption (3298.1 cm−1). The considerable shift to the lower wave number sug-
gested that chemical interactions between the dye cations and the hydroxyl (OH) 
groups occurred on the tea waste surface [15].
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The bands observed at about 2850.2 and 2850.6 cm−1 before and after biosorp-
tion could be assigned to the aliphatic C–H group [16, 17]. A shoulder at wave 
number 1732.4 cm−1 was observed. It might be due to the carbonyl stretch of union-
ized carboxylate [18]. As stated by Malkoc and Nuhoglu [17], the peaks observed at 
1511 and 1546 cm−1 correspond to the secondary amine group. We observed this 
peak at 1516 cm−1. Symmetric bending of CH3 was observed to shift to 1464 cm−1.

Auta and Hameed [19] revealed that 1034.20 cm−1 band width had some mole-
cules containing sulfur/oxygen bonds (S〓O). We observed this peak at 1037.5 cm−1. 
It was reported that the peaks observed at 1148 and 619 cm−1 could be assigned to 
C–O stretching of ether groups and –CN stretching, respectively [20]. In our study, 
the C–O stretching of ether groups was seen at 1164.9 and 1155.7  cm−1. –CN 
stretching was seen at 661.09 and 661.38 cm−1.

Fig. 2 The FTIR spectra for the tea waste before and after AB biosorption

Table 1 IR absorption bands and involvement of possible groups in biosorption of AB by the tea 
waste

Frequencies (cm−1)
Before biosorption After biosorption Assignment

3310.6 3298.1 Bonded –OH groups
2850.2 2850.6 Aliphatic C–H groups
1732.4 1732.4 Carbonyl stretch of unionized 

carboxylate
1608.6 1614.81 Symmetric bending of CH3

1516.1 1516.0 Secondary amine group
1464.8 1464.5 Symmetric bending of CH3

1164.9 1155.7 C–O stretching of ether groups
661.09 661.38 –CN– Stretching
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 SEM Micrographs

The SEM micrographs of the tea waste before and after dye biosorption are given in 
Fig. 3, respectively. It can be seen that the tea waste mainly consists of fibers with 
open stomata. Similar finding for green tea residue has been reported by Yang and 
Cui [21]. As can be seen from Fig. 3, a significant difference does not exist in the 
surface morphology of the tea waste before and after dye biosorption.

 The Effect of Biosorbent Dosage

The effect of biosorbent dosage on AB removal is shown in Fig. 4. The percentage 
of dye removal increased when the dosage of the tea waste per liter of solution was 
increased. This trend is a result of the increased adsorbent surface area and the avail-
ability of more adsorption sites arising from the increased dosage of the adsorbent 
[18]. On the contrary, the dye uptake (q) decreased with an increase in the biosor-
bent dosage. As stated by Jiang et al. [22], this may be due to the presence of more 
surface area for a fixed amount of dye. Similar findings for AB adsorption onto 
macroalga Caulerpa lentillifera [5], cationic dye methylene blue adsorptions onto 
tea waste [18], and sugar beet pulp [23] have been reported.

 The Effect of pH

The effect of initial pH on the biosorption of AB onto tea waste was investigated by 
varying the initial pH from 2 to 10, under a constant initial dye concentration of 
50 mg/L, adsorption time of 30 min, biosorbent size of 0.8–1.0 mm, and a tea waste 
dosage of 5.0 g/L. The results of the pH studies are shown in Fig. 5. As known, the 

Fig. 3 Scanning electron micrographs of the tea waste (magnification: 1500×) (a) before and (b) 
after dye biosorption
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solution pH affects the surface binding sites of the adsorbent and the degree of ion-
ization of the dye [24].

As can be seen from Fig. 5, the dye uptake increased as the initial pH increased 
from pH 2 to 4 and then slightly decreased at pH beyond 5. AB is a cationic dye, 
which exists in aqueous solutions in the form of positively charged ions. As stated 
by various researches [24, 25], dye removal is inhibited at low pH (less than 4.0). 
This can be explained by the high concentration of protons in the solution which 
leads to positive charge density on dye binding sites. As described by Uddin et al. 
[18], when the pH increases, the surface of the tea waste may become negatively 
charged as a result of the adsorption of OH−, and the carboxyl groups of the tea 
waste may become deprotonated. Thus, negatively charged biosorption sites are 
produced. Accordingly, the biosorption process is favorably preferred by means of 
the electrostatic forces of attraction.
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Fig. 4 The effect of biosorbent dosage on AB removal onto the tea waste: (a) dye removal (%) (b) 
dye uptake, q (mg/g) (C0, 50 mg/L; biosorbent particle size, 0.8–1 mm; pH, 5.0; contact time, 
30 min)
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However, as can be seen from Fig. 5, the dye biosorption at alkali pH is slightly 
decreased. This behavior may be due to the competition of OH− [26]. A similar 
trend has been observed elsewhere [26, 27].

In this study, the initial pH of 5.0 was selected as the more adequate value for the 
other biosorption experiments. As stated by Liu and Huang [28], the pH values of 
the cationic dye solutions are generally below 6.0, and instead of the alkaline medi-
ums, the cationic dyes become stable in the acidic mediums. Moreover, the pH 
values of the cationic dye effluents arising from the dyeing processes range from 
4.0 to 7.0.

 The Effect of Initial Concentration and Contact Time

The effect of contact time and initial dye concentration on dye removal is shown in 
Fig. 6. As can be seen from Fig. 6, an increase in the initial dye concentration leads 
to an increase in the dye uptake. In other words, the more concentrated the dye solu-
tion, the higher the biosorption capacity. Presumably, this trend results from the 
high driving force for mass transfer in high dye concentration [29]. The resistance 
to dye uptake decreases as the mass transfer driving force increases [7, 30].

The results were in agreement with Karagözoglu et  al. [7], Marungrueng and 
Pavasant [5], and Ongen et al. [9] who studied the adsorption of AB from aqueous 
solutions. The increased dye uptakes with increasing initial concentrations have 
also been observed in the adsorption of a cationic dye, methylene blue, onto tea 
waste [18] and rejected tea [30].

As can be seen from Fig. 6, rapid dye uptake values were obtained in the initial 
stages of contact time. However, as the contact time increased, biosorption became 
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Fig. 5 The effect of initial pH on AB removal by tea waste (C0, 50 mg/L; biosorbent particle size, 
0.8–1 mm; biosorbent dosage, 5.0 g/L; contact time, 30 min)
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progressively slower. The fast removal of dye in the initial stage and thereafter satu-
ration gradually could also occur as a consequence of a large number of surface 
sites which were initially available for the biosorption of the dye molecules. 
However, steric repulsion could occur between the solute molecules, which conse-
quently leads to a slower biosorption process [31]. Similar phenomena have been 
observed in the adsorption of AB onto sepiolite, fly ash, and apricot stone activated 
carbon [7].

 Equilibrium Studies

In this study, the Langmuir and Freundlich isotherm models were used for the math-
ematical statement of the dye biosorption onto tea waste. Fitting of the Freundlich 
model to the experimental data was better than the Langmuir model. The constants 
and correlation coefficients (r) of the Langmuir and Freundlich isotherm models for 
AB biosorption on tea waste are presented in Table 2. The equilibrium isotherm of 
AB in aqueous solutions onto tea waste is shown in Fig. 7.

In the Freundlich equation, the surface is assumed to be heterogeneous. Therefore, 
the reason for the better fit of the Freundlich isotherm to the experimental data (r: 
0.9565) may be a consequence of the heterogeneous distribution of the active sites 
on the tea waste surface [32]. The Langmuir isotherm is known with its dominant 
ion-exchange mechanism. On the other hand, the Freundlich isotherm exhibits 
adsorption-complexation reactions that occur in the biosorption process [33].
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Fig. 6 The effect of contact time and initial dye concentration on AB removal by tea waste (bio-
sorbent particle size, 0.8–1 mm; biosorbent dosage, 5.0 g/L; pH, 5.0)
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 The Comparison in Detail of the AB Adsorption Capacities 
of Various Low-Cost Adsorbents Reported in the Literature

Up to now, some kinds of biomasses (macroalga Caulerpa lentillifera, baker’s 
yeast), natural materials (sepiolite), industrial waste products (fly ash), and acti-
vated carbon prepared from agricultural by-product (apricot stone activated carbon) 
have been used for AB removal by various researchers [5–9]. The comparison of the 
maximum adsorption capacity (qmax) and the adsorbent surface area of the tea waste 
tested in this study with these adsorbents reported in the literature is given in Table 3. 
Besides, the experimental conditions employed in these studies, isotherm models, 
thermodynamics, and kinetics related to AB removal by these adsorbents, are pre-
sented in this table.

Indeed, every single adsorbent has distinct physical and chemical characteristics 
including porosity, surface morphology, surface area, stability, and physical strength. 
In addition, depending on the experimental conditions, the adsorption capacities of 
the adsorbents vary. Thus, it is difficult to make a comparison of the adsorption 
performances [34]. However, as can be seen from Table 3, qmax of the tea waste is 
similar to or greater than those reported for other kinds of adsorbent. Despite the tea 
waste’s low surface area, it exhibited a high biosorption capacity for AB. The high 
biosorption capacity of the tea waste may be attributed to its cellulosic structure 
which has a high affinity for dyes [35].

Table 2 The Freundlich and Langmuir constants for AB biosorption on tea waste

Langmuir Freundlich
qmax (mg/g) b (L/mg) R KF (mg/g) n R

263.16 0.006 0.9265 2.76 0.80 0.9565

R correlation coefficient
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Fig. 7 Equilibrium isotherm of AB in aqueous solutions onto tea waste
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When Table 3 was examined in detail, it was seen that:

 1. An interesting feature of the adsorbents is that, on the contrary to what was 
expected, qmax values of most of the adsorbents with high surface area were lower 
than those of the adsorbents with low surface area such as the tea waste. For 
example, the surface areas of the apricot stone activated carbon and the sepiolite 
samples are 566 m2/g [7], 234.3 [7], and 377.916 m2/g [9], respectively. However, 

Table 3 Comparison of the various adsorbents for AB removal

Experimental conditions

Adsorbents
ASA 
(m2/g)

Time 
(h)

T 
(°C)

Isotherm 
models TD

qmax 
(mg/g) Rs

Macroalga Caulerpa 
lentillifera

– – 18 Freundlich Endothermic 30.67 [5]

Macroalga Caulerpa 
lentillifera

– – 27 Freundlich Endothermic 37.17 [5]

Macroalga Caulerpa 
lentillifera

– – 40 Freundlich Endothermic 48.65 [5]

Macroalga Caulerpa 
lentillifera

– – 50 Freundlich Endothermic 49.26 [5]

Macroalga Caulerpa 
lentillifera

– – 70 Langmuir and 
Freundlich

Endothermic 46.73 [5]

Dried biomass of 
baker’s yeast

– 4 20 Langmuir Endothermic 69.93 [6]

Dried biomass of 
baker’s yeast

– 4 30 Langmuir Endothermic 75.19 [6]

Dried biomass of 
baker’s yeast

– 4 50 Langmuir Endothermic 96.16 [6]

Apricot stone activated 
carbon

566 24 30 Langmuir Endothermic 181.50 [7]

Apricot stone activated 
carbon

566 24 40 Langmuir Endothermic 188.68 [7]

Apricot stone activated 
carbon

566 24 50 Langmuir Endothermic 201.61 [7]

Sepiolite 234.3 24 30 Langmuir Endothermic 155.52 [7]
Sepiolite 234.3 24 40 Langmuir Endothermic 190.11 [7]
Sepiolite 234.3 24 50 Langmuir Endothermic 209.21 [7]
Fly ash 0.342 24 30 Langmuir Endothermic 128.21 [7]
Fly ash 0.342 24 40 Langmuir Endothermic 141.84 [7]
Fly ash 0.342 24 50 Langmuir – 152.44 [7]
Dried sea grape 
(macroalga Caulerpa 
lentillifera)

5.0 – 25 Freundlich 80.70 [8]

Sepiolite (meerschaum) 377.9 1 20 Freundlich Exothermic 312.50 [9]
Tea waste 0.87 1 20 Freundlich Endothermic 263.16 This 

study

- No data available, PSO pseudo-second-order kinetic model, ASA adsorbent surface area, Time 
contact time, T temperature, TD thermodynamic, Rs references
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the sepiolite samples have higher qmax values than those of the apricot stone acti-
vated carbon. In spite of the fact that the surface area of fly ash [7] is lower than 
that of the dried sea grape (macroalga Caulerpa lentillifera) [8], its qmax value is 
higher than that of the dried sea grape (macroalga Caulerpa lentillifera). The 
reason may probably be due to the effect of pore diameter as well as the varying 
experimental conditions. As also pointed out by Punjongharn et al. [8], the effect 
of the pore diameter is more important than that of the surface area. Cationic dye 
molecules could hardly enter the small pores of the adsorbent, and access to the 
binding sites inside the pores becomes difficult.

 2. AB adsorption by macroalga Caulerpa lentillifera [5], dried sea grape (mac-
roalga Caulerpa lentillifera) [8], sepiolite [9], and the tea waste (this study) is 
best described by the Freundlich adsorption isotherm model which may show 
adsorption-complexation reactions that occur in the adsorption process. The 
Langmuir isotherm model established the best prediction for the adsorption of 
AB by dried biomass of baker’s yeast [6], apricot stone activated carbon [7], 
sepiolite [7], and fly ash [7]. As stated above, the Langmuir isotherm is known 
with its dominant ion-exchange mechanism.

 3. Although macroalga Caulerpa lentillifera and sepiolite are tested for AB removal 
from aqueous solution by various researchers [5, 7, 9], qmax values found for 
these adsorbents by various researchers are different from each other. It can be 
said that, as expected, this trend is due to the different experimental conditions.

 4. qmax and b values of all the adsorbents (apricot stone activated carbon, sepiolite, 
fly ash, macroalga Caulerpa lentillifera, and dried biomass of baker’s yeast) 
reported in the literature except for the sepiolite tested by Ongen et al. [9] clearly 
increased depending on the temperature. The adsorption of AB on various adsor-
bents as well as the tea waste is endothermic in nature.

 The Effect of Temperature

The effect of temperature on AB biosorption was studied at the dye concentration of 
50 mg/L and contact time of 30 min under the optimum experimental conditions of 
biosorbent size of 0.8–1.0 mm, biosorbent dosage of 5.0 g/L, and at pH of 5.0, and 
the results are shown in Fig. 8. The dye uptake, q, on the tea waste increased with 
the increasing temperature (Table 4), indicating that a high temperature favors AB 
removal by biosorption on tea waste (Fig. 8) and the biosorption of AB on tea waste 
was endothermic in nature.

Although adsorption reactions are normally exothermic, the adsorption experi-
ments for different temperatures in this study show endothermic results. It also 
implies that the adsorption process is dominated by the diffusion process. As stated 
by Li et al. [36], the diffusion is an endothermic process. Therefore, it can be said 
that the interparticle diffusion rate of the adsorbate molecules into the pores 
increased with an increase in the temperature. When the temperature increases, the 
molecular mobility increases, and the solution viscosity decreases. The increase in 
the molecular mobility and the decrease of solution viscosity enhance the diffusion 
rate of dye through the boundary layer and within the internal pores of the tea waste 
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particles [30]. Similar effects on the removal of cationic dyes were reported by other 
researchers for temperature [24, 28, 30].

The calculated thermodynamic parameters (∆G, ∆H, and ∆S) are given in 
Table 4. The positive and weak value of ∆G indicates that the biosorption of AB dye 
is feasible but nonspontaneous [37]. Also, as can be seen from Table 4, the positive 
values of ∆G increase with increasing temperature. It can be said that this indicates 
the presence of an energy barrier at high temperature in biosorption [38].

The thermodynamic parameters ∆H and ∆S for the biosorption of AB by tea 
waste were obtained from the slope and the intercept of a plot of ln Kd versus 1/T 
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Fig. 8 (a) The effect of temperature on AB removal by tea waste (C0: 50 mg/L; biosorbent particle 
size, 0.8–1.0 mm; biosorbent dosage, 5.0 g/L; pH, 5.0; contact time, 30 min) (b) The plot between 
ln Kd and 1/T

Table 4 Thermodynamic parameters for the biosorption of AB by tea waste

q (mg/g) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K)

293 K 303 K 313 K 323 K 293 K 303 K 313 K 323 K
8.72 8.86 9.17 9.33 4.68 5.17 6.24 7.09 19.61 −82.48
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(Fig. 8). The positive change of 19.609 kJ/mol in ΔH indicates that, as stated above, 
the biosorption of AB by the tea waste is endothermic. This finding was similar to 
the other studies on the biosorption of AB. For instance, positive enthalpy of adsorp-
tion was also observed in the adsorption of AB on sepiolite, fly ash and apricot stone 
activated carbon [7], C. lentillifera [5], and dried biomass of baker’s yeast [6]. The 
positive value of ΔH has also been observed in the adsorption of methylene blue 
onto tea waste [26] and NaOH-modified rejected tea [39]. Besides, the positive 
value of ΔH (19.609 kJ/mol) indicates chemical adsorption [5, 6].

The negative value of ΔS (−82.477 J/mol K) normally indicates that a significant 
change does not occur in the internal structure of the tea waste during biosorption of 
AB [40]. Besides, the negative sign of the entropy indicates that at last things 
become more organized than at the beginning [4].

The values of TAΔS were determined from the experimental data, where TA rep-
resents the average values of the range of temperature used for the adsorption stud-
ies. It was found to be ΔH < −TAΔS. This indicates that, even though the contribution 
of ΔH is not negligible, the influence of entropy is more important than that of the 
enthalpy in activation [40].

 Cost Estimation

The cost-effective and economic removal of dyes from industrial wastewaters is 
possible if low-cost and easily available adsorbents are used. In Turkey as well as in 
many parts of the world, the tea waste is an easily available material from the 
houses, cafeterias, and restaurants as a waste. As stated by Amarasinghe and 
Williams [41], an appropriate mechanism should be considered for the collection 
and storing of the tea waste.

Hydroxyl and carboxylic groups in agricultural wastes make them amenable to 
easy desorption and regeneration with basic or acid solution [13]. However, it can 
be said that the regeneration of the tea waste is not required due to its abundant 
availability and low cost. It can also be disposed of after use without the need for 
expensive regeneration.

In the world market, activated carbon has a price that changes over a wide range 
(US$ 3–12 for kg) depending on the origin, quality, and quantity [42]. The cheapest 
commercially available activated carbon available in Turkey is US$ 1.5 for kg. As 
stated above, tea waste, which is a household waste, is available in huge amounts. 
Therefore, the total cost of tea waste will be extremely low when compared with 
those of the activated carbon and some other adsorbents for AB dye. For cost analy-
sis, the expenses for collection and storing can be considered.

As stated by Baek et al. [25], the dye-loaded adsorbent can be disposed of by 
incineration to prevent further impact on the environment. The dye-loaded tea waste 
can be utilized as a fuel in the boilers/incinerators after dried. Thus, both energy 
recovery from the used biosorbent and the safe disposal of the biosorbed dye can be 
obtained by providing a greener solution.
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 Conclusion

In this study, the utilization of the tea waste (tea dust discharged after use), which is 
a green environmentally friendly adsorbent, in the removal of toxic AB dye from 
aqueous solution was reported.

The main conclusions can be summarized as follows:

 1. When the optimum experimental conditions were determined as a function of the 
process parameters such as the biosorbent dosage, initial AB concentration and 
contact time, initial pH, and temperature, it was seen that the values of the bio-
sorbent dosage, contact time, initial pH, and temperature were found to be 
5.0 g/L, 30 min, 5.0, and endothermic, respectively.

 2. The uptake of the dye, q, decreased at low initial pH (less than 4.0) and increased 
when the temperature of the aqueous medium increased. The effect of initial pH 
and temperature on AB removal using the other low-cost adsorbents (sepiolite, 
fly ash, apricot stone activated carbon, C. lentillifera, and dried biomass of bak-
er’s yeast) reported in the literature exhibited similar trends to the tea waste.

 3. The Freundlich equation fitted well to the experimental data. The maximum bio-
sorption capacity, qmax, was found to be 263.16 mg/g by the Langmuir isotherm.

 4. It is worth mentioning that when qmax values obtained for biosorption of AB onto 
tea waste (this study) and various other low-cost adsorbents reported in the lit-
erature were compared with each other, it was seen that qmax values of the adsor-
bents with low surface area such as the tea waste were higher than those of most 
of the adsorbents with high surface area. It was realized that the adsorbents with 
high surface area do not always exhibit high qmax values. However, it should not 
be forgotten that the adsorption capacities of the adsorbents differ depending on 
the experimental conditions.

 5. From the thermodynamic parameters (Ea, ΔG, ΔH, and ΔS), it was concluded 
that the biosorption process takes place by chemical adsorption (probably indi-
cating adsorbent/dye complexation) and is endothermic in nature.

 6. It can be said that the biosorption of AB onto the tea waste is a complex process. 
It is thought that ion-exchange, complexation, and electrostatic interactions play 
an important role in the whole biosorption process of the tea waste for AB 
removal, as revealed for metal sorption using tea industry waste by Cay et al. [33].

 7. In spite of the fact that the tea waste has a significantly low surface area com-
pared to the commercial activated carbons, the use of tea waste for biosorption 
of AB from wastewater streams seems to be feasible. From the economical point 
of view, the tea waste can be used as an alternative adsorbent to activated carbon. 
It has a low cost and good affinity for AB.

Further studies on AB biosorption using tea waste are currently underway. The 
kinetics and column studies will be the subject of the next study.
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