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Water is essential for livestock consumption, drinking, agriculture, and aquaculture. Pond and
river are considered to be self-contained, landlocked ecosystems that are often teeming with
rich vegetation and diverse organismal life. Groundwater is also involved with drinking and ir-
rigation. Water contains different organic and inorganic components. The water samples were
investigated for Mg, pH, Na, EC, Ca, K, S, and P ion at Rajoir Upazila on Madaripur district in
Bangladesh to know the water quality of this Upazila for various uses from November 2020 to
October 2022. During the study period, Surface water (pond water) had an average pH high-
er than that of river and tube-well water. The average pH of Pond water was 7.54 at Bajitpur
and Raajoir Union. The present research also showed the Electrical Conductivity (EC) ranged
from 280 to 1451.67 puScm-1. For irrigation, the Sodium Absorption Ratio (SAR) is the key
feature. River water had the lowest SAR (0.567) and Groundwater had the highest (8.67 MeL-
1). Groundwater had the highest SSP value (88.9%), while river water had the lowest (24.8%).
Almost all the ground and surface (pond and river) water samples were slightly alkaline and
appropriate for drinking, irrigation, livestock farming, and aquaculture.

Key words:

Agriculture; Drinking-water;
Ground-water; Surface-water;
Uses

Cite this article as: Roy TK, Ghosh S, Azam AKMFE, Rahman M, Azim Sikder MN, Siddiqui
AAM, Das R, Rahman H. Ionic status of ground and surface water at Madaripur in Bangladesh
for drinking and agricultural uses. Environ Res Tec 2025;8(1)1-6.

INTRODUCTION agricultural, and drinking purposes [1]. In Bangladesh,
there are roughly 1.3 million ponds spread across 147000
hectares. With careful excavation and use, these ponds can

be transformed into possible miniature reservoirs for fish

Quality water is essential for saving lives, and agricultur-
al production as well as to build up a healthy nation. The

earth's surface is covered in water to a degree of about 80%.
Merely 33,400 m® of the predictable 1,011 million km? of
entire water on Earth are suitable for home, industrial,

*Corresponding author.
*E-mail address: habibcu50@gmail.com

farming or irrigation [2]. Rivers, streams, and lakes conve-
niently contain freshwater, which up to only 0.01% of the
earth's total water [3]. The amount of fresh water decreased

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Map of sampling location of Rajoir Upazila.

and the amount of undrinkable water increased due to ris-
ing sea levels. Bangladesh is a riverine and plane country
with large inland aquatic bodies, containing some of the
largest rivers in the world. Due to its peculiar geographic
features, Bangladesh is highly vulnerable [2]. Both humans
and other animals are harmed by poor quality or contami-
nated water. Nonetheless, there are trace amounts of organ-
ic matter and ions of a few other elements, including Li, B,
Ba, Si, Zr, Ti, V, Cr, Mn, Pb, F, Mo, Co, Se Ru, Br, I, Cu, Be,
Nij, Ce, As, Bi, P, and Sb [4]. The chemical composition of
water is one of the primary factors influencing its quality
[5]. Ionic toxicity can arise from using poor quality water
for drinking, irrigation, aquatic culture, livestock and poul-
try consumption, and other uses [6]. In the aforementioned
conditions, studies were carried out in Rajoir Upazila of the
Madaripur district to evaluate the water quality for agricul-
ture and to compare the ionic status of river, groundwater,
and pond water. In addition, to evaluate water sources are
suitable for livestock feed, aquaculture, drinking, and irri-
gation. No comprehensive study was performed in this lo-
cality related to the Ionic status of drinking and irrigation
water, which is essential for this area.

MATERIALS AND METHODS

According to data from 2016 to 2024, Madaripur district has
a maximum temperature of 91°F and a minimum tempera-
ture of 80°F with an average rainfall of 65% at summer. On
the other hand, the maximum and minimum temperatures
during the fall season are 89°F and 63°F, respectively while
the average rainfall is 34.5% (source: weather spark).The
chemical analyses included Total Dissolved Solids (TDS),
Electrical Conductivity (EC), Total Permanent Hardness
(TPH), Residual Sodium Carbonate (RSC), pH, Sodium
Adsorption Ratio (SAR), Soluble Sodium Percentage (SSP),

calcium (Ca), sodium (Na), potassium (K), phosphorous
(P), magnesium (Mg), sulphur (S) etc.

Collection of Water Samples

Twenty one (21) ground water samples, eleven (11) pond
water and eight (8) river water samples were taken from
various points of Rajoir Upazila at Madaripur district in
Bangladesh (Fig. 1) and to know the water quality of this
Upazila for various uses during November 2020 to Octo-
ber 2022 following the water sampling methods as defined
[7]. Water samples were collected in 500 ml plastic bottles.
These bottles were cleaned with dilute hydrochloric acid,
and washed with tap water and distilled water. Before sam-
pling, containers were again rinsed 3 to 4 times with the
water to be sampled. In the case of the river, water sam-
ples were drawn from the mid-stream and a few centime-
ters below the surface. The collected samples were tightly
sealed immediately to avoid exposure to air. After proper
marking and labeling, the water samples were carried to the
Laboratory of the Department of Agricultural Chemistry,
PSTU for testing and kept in a clean, cool, and dry place.
Samples were filtered through Whatman No. | filter paper
to remove undesirable solid and suspended materials. The
analysis was conducted as soon as possible on arrival at the
laboratory

Analytical Methods of Water Analyses

The pH value of water samples was evaluated using a pH
meter (Brand: WTW pH 522) according to Singh & Par-
wana [8]. A conductivity meter (Brand: WI'W LF 521)
was used to measure the EC of a sample of water [9]. TDS
was measured using the Chopra and Kanwar [10] method.
The samples of pond water were tested for calcium content
using the EDTA Titrimetric method. The authors of this
analytical method were Singh and Parwana (1999) [8] and
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Table 1. Maximum recommended concentrations of various chemical ions for irrigation and drinking water

Name of elements Drinking Irrigation
pH Existing average limits Recommended maximum limits Maximum limits
EC 6.50-7.50 6.5-9.0 6.5-8.4
Ca 50-600 pScm-1 (Suitable), more than 600 uScm, (Harmful) 50-500 uScm! (Suitable)
Mg Less than 2.50 meL™! Less than 3.75 meL™ 800 mgL™!
Na Less than 3.50 meL™ Less than 3.75 meL™ 121.50 mgL*!
K More than 1.5 meL! 1.50 - 15.50 meL! 121.50 mgL! (4.5 meL"), suitable
S Less than 2.50 meL™ 0.30 - 0.80 meL! 2 mgL™!
P 400 mgL*! 200 mgL™ 20 mgL™
1 mgL™! 5 mgL?! 2 mgL™!

Source: WHO, [18] [Dringking Water]; Ayers and Westcott, [17] [Irrigation].

1600
1400

-
S b
[— ]
S o

800
600
400

Electrical Conductivity (EC)
g

=]

=o—EC puScm-1 —e—PH
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12= Other 2 Unions

Figure 2. pH and EC profiles during the study period.

Page et al. [11]. Potassium and sodium concentrations were
measured from individual water samples, and the percent-
age of emissions was noted using the procedure defined by
Golterman [12] and Ghosh et al. [9]. The concentration of
phosphate in water samples were determined by the pro-
cess of spectrophotometric as per Jackson [13]. Sulphate
was determined by Tandon (terbidimetric method) [14].
The Carbonate and bicarbonate content of water samples
were examined by acidimetric method of Ghosh et al. [9]
and Tandon [14].

Statistical Analysis

The analytical data from the water sample analyses were
statistically analyzed (Gomez and Gomez) [15]. Addition-
ally, correlation studies were conducted using MS Excel, a
standard computer program.

RESULTS AND DISCUSSION

The major ionic constituent of surface water samples
collected from different sources and locations at Rajoir
Upazila under Madaripur District were analyzed and the
results obtained from chemical analyses have been delin-
eated in this chapter. In the study area, vital ionic constit-
uents such as Ca, SO,, Mg, Na, K, PO, were analyzed and
elements were present in variable amounts in the surface
water samples.

pH and Electrical Conductivity (EC) Values of Water
The average pH value of surface water (pond water) was
comparatively higher than tube wells and river water (Fig.
2). Two pond water samples collected from pond showed
pH 7.57 and 7.51 in Bajitpur and Rajoir union. It might be
due to the application of liming materials to the pond wa-
ter to control pH value and fish diseases. These results were
partially similar to Zaman et al. [16] where pH ranged from
7.26 t0 9.67 in surface water. For agriculture purpose, Ayers
and Westcot [17] state that the pH value between 6.5 and
8.4 is acceptable. Permitting to FAO standards, almost all
the water samples were appropriate for irrigation. For live-
stock consumption and drinking purposes, recommended
range of pH is 6.5 to 9.2 (Table 1) [18].

According to this recommendation collected water samples
from rivers, cannals and ponds (surface water) were accept-
able for livestock farming. The average value of EC indicate
that the EC of groundwater was comparatively higher than
pond and river water (Fig. 2). Based on EC, the agricultural
waters were classified into four groups such as low salinity
(EC=0-250 pScm™), moderate salinity (EC=250-750 uScm
1), high salinity (EC=750-2250 uScm™) and extreme salinity
(EC>2250 uScm™) following Richards [19]. These results
are lower than the report on EC 219.0 to 748.0 uScm'!, con-
ducted by Uddin et al. [20] pointed out the EC value of 18
surface water samples of Dumki upazila and have little sim-
ilarity with the report on EC 348 to 497 uScm™ and 255 to
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Figure 3. Ca, Mg and Na profiles during the study period (mgL™").
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Figure 4. K, S and P profiles during the study period (mgL™*).

387 uScm™ of dry and wet season by Halim [21]. High EC
indicated a higher concentration of salt, which has an im-
pact on the salinity hazard and irrigation water quality [22].

Ionic Constituents of Water

The average value of Ca in tube wells, ponds and river water
were 44.126, 45.181 and 49.599 mgL™"' (Fig. 3). The presence
of higher Ca content in some samples might be due to the
solubility of CaCO,, CaSO, and CaCl,. Some of the samples
were similar to the findings of Uddin et al. [20] in Dumki
different from 16.5 to 34.62 mgL". Agricultural water con-
taining less than 20 meL* (400.8 mgL") Ca is appropriate for
irrigating crop (Table 1) [17]. According to content of Ca, all
water samples could safely be used for irrigation.

Considering fresh water quality for drinking purpose, al-
most 100% of the samples were found suitable, where the
acceptable range of Ca for this aspect is 0.75 to 200 mgL™" as
mentioned in (Table 1) WHO, [18].

The results are almost similar to Karim et al. [23] reported
that Mg content of 50 surface water were varied from 1.94
to 40.85 mgL"! of 3 Upazilas of Bhola district. For drinking
water, the highest suitable limit is 30 mgL" and maximum
acceptable limit is 150 mgL* [18]. Based on WHO stan-
dards, all collected water samples were suitable for drinking
purposes. It can be said that all the samples of Mg are ap-
propriate for livestock consumption.

The average value of sodium indicate that Na ion content
of groundwater was comparatively higher than pond and
river water. The main causes of higher Na ion content in
surface water are the presence of evaporated sediments,
sewage and wastes, using soaps and detergents etc. Findings
in this study showing a little similarity to Karim et al. [23],
sodium (Na) content varied from 4.11 to 36.13 mgL" of 3
Upazila of Bhola. Water generally holding less than 920.00
mgL" Na is not harmful for long-term irrigation [17]. The
acceptable content of Na in water samples for aquaculture
is 121.50 mgL* [24]. All about collected samples of surface
water were “suitable” for agricultural uses (Table 1). The
average value of potassium indicate that K ion content of
pond water was comparatively higher than pond and river
water (Fig. 4). The existence of higher level of K in surface
water (pond and river) might be due to the surface runoft
of irrigation wastes, farm refuses, untreated manure sludge
etc. The average value of Sulphur indicates that the S con-
tent of pond water was comparatively higher than tube well
water and river water. The higher amounts of SO, ion in
some samples were mainly due to the presence of sulfur re-
ducing bacteria in water, which chemically change natural
sulphates in water to hydrogen sulphide.

Similar results were also observed by Zaman et al. [16]. The
suitable range of SO, ion in agricultural water is less than 20
mgL", according to Ayers and Westcot [17]. All the surface
water samples (river and pond) being examined were deter-
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mined to be suitable for irrigation based on this limit. These
samples were also healthy for drinking purposes because
the expected range of SO, ion for these purpose is 200-600
mgL* according to WHO, 1971 [18] (Table 1). The average
value of phosphorus indicates that the P content of tube well
water was comparatively higher than pond and river wa-
ter (Fig. 4). Taslima [25] also studied that this PO, content
was similar in Gouripur and Muktagacha Upazila (PO, ion
varied from 0.16 to 2.51 mgL"). According to Phosphorus
content, all the samples were acceptable for aquaculture and
irrigation. The expected range of Phosphorus content for
livestock consumption is 0-1 mgL. Therefore, all the sam-
ples were positive for livestock consumption. The Suitable
range of phosphorus is 0.00-70 [18]. According to WHO,
all taken samples were satisfactory for drinking purposes.

WATER QUALITY DETERMINING INDICES

Sodium Adsorption Ratio (SAR)

Richards [19] stated that water samples with SAR values of
less than 10 are suitable for irrigation, 10 to 18 are good,
18 to 26 are fair, and more than 26 are not suitable for ag-
riculture. The calculated SAR obtained from the chemical
analyses of 19 surface water samples fluctuated from 0.600
to0 2.356 MeL" in pond water with the average of 1.075 MeL!
and 0.567 to 1.335 MeL™ in river water with an average value
0f 0.915 MeL™. The highest SAR (8.674 MeL!) was found in
groundwater and the lowest SAR (0.567) was found in river
water. Crops may not be harmed by agricultural water with
a SAR of less than 10.00 [26]. Alkalinity hazard was another
factor taken into consideration when classifying all of the
irrigation water samples. Based on the SAR value, 100% of
the samples were classified as excellent for irrigation.

Soluble Sodium Percentage (SSP)

Another important metric that is frequently used to assess
the suitability of groundwater for irrigation is the SSP. Fur-
thermore, high sodium contents in relation to Ca and Mg
ions decrease soil absorptivity because Na ions are drawn to
clay particles and displace Ca and Mg ions, impairing soil
permeability and causing deflocculation [27]. The highest
SSP value (88.9%) was showed in groundwater and the low-
est (24.8%) was observed in river water. In case of ground
water, this ranged varied from 24.4% to 88.9% with the mean
value of 63.7%. This outcome was slightly similar to Tasli-
ma [25] who studied in Gouripur and Muktagacha Upazila
where the SSP varied from 9.11 to 31.28% but contradictory
to Uddin et al. [20] in Dumki upazila (SSP 0.19 to 0.97%).

Total Permanent Hardness (TPH)

The total hardness (HT) or total permanent hardness (TPH)
of groundwater ranged from 216 to 555 mgL" with an aver-
age value of 352 mgL™. Nine of the twenty-one groundwater
samples had TPH values above the mean, while the remain-
ing twelve samples had TPH values below the mean. The
highest TPH value (553 mgL') was monitored in ground-
water and it was tube well water and the lowest value (191
mgL') was also observed in pond water. On the other hand,

the highest value of 343 mgL" was found in pond water. In
case of surface water (pond and river), the TPH value of river
water ranged from 208 to 366 mgL "’ and the mean value was
215 MeL. Based on hardness, irrigation water was classified
as “soft” (0-75 mg L), “moderately hard” (75-150 mgL"),
“hard” (150-300 mgL*) and “very hard” (>300 mgL™") [28].
According to their classification, out of 19 surface water sam-
ples, all the samples were hard to very hard. The higher val-
ues of TPH indicated the presence of higher amounts of Mg
[27]. Divalent cations, such as Ca and Mg ions were abun-
dant in the water samples, which led to their hardness [26].

CONCLUSION

Although there have been many studies on the ionic content of
water in the past, this is significant as updated information for
Madaripur district as well as Bangladesh as a whole. Accord-
ing to the World Health Organization, drinking water should
contain no more than 70 mgL"* of K, while 19.2 mgL"! of K is
acceptable for irrigation. Based on its K content, all of the col-
lected water samples were suitable for drinking and irrigation.
Pond and river water were perfect for drinking, agricultural
purposes, and livestock use depending on the content found
in tube wells. Water from ponds, rivers, and tube wells had ac-
ceptable P levels for irrigation, aquaculture, and drinking. All
of the water samples were classified as excellent class (SAR<10)
for irrigation purposes, with SAR values ranging from 0.567 to
8.377.In case of SSP 12 samples of surface water out of 19 were
in “excellent” class, 6 samples were permissible and 1 sample
was not permissible in class, whereas 15 groundwater samples
were in “not-permissible” class, 4 samples were in “good” class,
and the remaining two samples were in “permissible” class for
irrigation in the studied area. According to hardness, out of 19
surface water samples, all the samples were hard to very hard
in class. Furthermore, regular monitoring of water quality
should be needed for the residents of this locality to access safe
drinkable water to avoid health-related risks as well as deter-
mination of ionic status for irrigation purposes in a seasonal
context for successful crop growth according to season which
helps rational irrigation scheduling and water budget.
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ABSTRACT

Pesticides are chemicals and preparations used in agricultural control practice and re-
search. They are used to prevent and control pests. Pesticides are toxic and biocidal sub-
stances. The unconscious and uncontrolled use of pesticides in order to provide high
yields in agricultural areas is an important problem for human health and the environ-
ment. For this reason, biodegredation of pesticides was gained importance in recent years.
N-(phosphonomethyl) glycine formulated as isopropylamine salt, is a broad spectrum
herbicide with high activity and effective destruction. In this study, the optimization of
anaerobic treatment of N-(phosphonomethyl) glycine was investigated by applying a sta-
tistical-based experimental design. Full factorial experiments with different initial pesti-
cide concentrations and cosubstrate types were established and 9 different experimental
setup were established. The experiments carried out in 2 replicates. The experiments were
carried out in Oxitop C flasks in a working volume of 200 mL with stirring. The pH was
adjusted to 7+0.2. The experiments carried out at 35 °C for 30 days. At the end of the pro-
cess, the removal of inlet and outlet COD and pesticide values were analyzed. As a result,
the most efficient COD removal was obtained with 99% at a pesticide concentration of 5
mg L' and glucose as cosubstrate. The highest pesticide removal was found to be 75% at
a pesticide concentration of 25 mg L' and glucose as cosubstrate. 5 mg. L! pesticide con-
taining inlet concentration had toxic effect over 19% of the Vibrio fischeria before treat-
ment, while no toxic effect was observed after treatment. This shows that the toxic value of
wastewater containing pesticides decreased.

Cite this article as: Uygun C, Filik 1$<;en C, Giil UD, Ilhan S. Anaerobic treatment of N-(phos-
phonometyl) glycine using mixed culture in batch reactor. Environ Res Tec 2025;8(1)7-16.
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INTRODUCTION

Agriculture is the most important source of nutrition for the
whole world and the need for nutrition is increasing with the
increasing population, so it is aimed to obtain more agricultur-
al products. For this purpose, all kinds of harmful weeds, plants
and insects that will damage the agricultural product and affect
the productivity of the product are tried to be prevented from
damaging the product. Agricultural drugs developed to combat
these weeds, plants, and insects are generally called pesticides.
Pesticides are grouped as insecticides, herbicides, fungicides,
acaricides, rodenticides, nematicides, avicides, tree protectants
and defoliants according to their intended use [1]. Pesticides
are further defined as aniline derivatives, carbamates, chloro-
phenoxy compounds, organochlorinated compounds, organo-
phosphorus compounds, pyridine and pyridine derivatives,
triazines, urea-containing compounds and unclassified com-
pounds according to their active ingredients [2].

Agricultural production is one of the most important factors
in Turkish economy. For this reason, a significant amount
of pesticide are produced and consumed in our country.
However, increasing urbanization has increased the use of
pesticides for other purposes in addition to agricultural pur-
poses. Tiirkiye is an agricultural country and it is known that
agricultural areas cover about 50% of the country's surface
area and the amount of pesticides used per hectare is propor-
tional to the surface area of agricultural areas. However, pes-
ticide consumption per hectare in countries such as the USA,
Germany, the Netherlands and Italy, which have around 50%
agricultural land, is much higher than in Tiirkiye [3]. The
main problem for Tiirkiye is that the amount of pesticide use
is high in some regions and excess pesticides are detected in
agricultural products in these regions. For example, in An-
talya province where fruit and vegetable production is high
and these products are exported, the amount of pesticides
used per hectare in arable agriculture areas is 26.85 kg. ha'!,
while this value is 10.9 kg. ha™ in the Netherlands, the coun-
try with the highest pesticides use in Europe [3].

Pesticide contaminated wastewaters cause environmental pol-
lution problems because they contain toxic substances, have
high chemical oxygen demand (6000-10000 mg. L'), high
biological oxygen demand (2000-5000 mg. L"), and high to-
tal dissolved solids (12000-13000 mg. L) concentrations and
have basic properties [4].

Pesticides applied to agricultural areas, are transferred
and transformed in air, water and soil, and from there to
other organisms living in these environments. Glyphosate
(N-(phosphonomethyl)glycine) was developed in the early
1970s and at present is used as a herbicide to kill broadleaf
weeds and grass. Glyphosate [N-phosphonomethyl glycine]
is a broad-spectrum herbicide formulated as an isopropyl-
amine salt with high activity and effective knockdown. It
is an organophosphate and non-selective herbicide applied
to the leaves of plants to kill both broad-leaved plants and
grasses. The widely occurring degradation product amino-
methylphosphonic acid (AMPA) is a result of glyphosate
and amino-polyphosphonate degradation [5, 6].

O
O H
N
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OH
Figure 1. N- (phosphonomethyl) glycine.

Table 1. Characteristics of anaerobic sludge (AS) used in
batch studies

Parameter AS content
pH 7.4
TS (g. LY 36.4
TSS (g. LY) 30.8
VSS (g. L) 14.6

The EPA divided the toxicity of Glyphosate (N-phospho-
nomethyl) glycine into slight toxicity with concentrations
ranging from 10 to 100 mg/L and almost nontoxicity with
concentration higher than 100 mg/L to fish species with acute
LC50 values from >10 to >1000 mg/L. Lethal concentrations
are various for 24, 48, and 96 h ranging from 0.295 to 645 mg/L
for fish species; from 6.5 to 115 mg/L for amphibian’s species;
and from 35 to 461.54 mg/L for invertebrate species [6].

Complete and rapid degradation of glyphosate occurs micro-
biologically in soil and/or water, not chemically occurs. This
study aim was to investigate the removal of N-(phospho-
nomethyl)glycine pesticide under anaerobic conditions in a
batch study regardinf the effect of various operating condi-
tions, such as concentration of pesticide and co-substrate type.
The full factorial (3%) experimental design was adopted to de-
termine the statistical significance of each parameter on treat-
ment performance.

MATERIALS AND METHODS

Pesticide Solution

In this study, N- (phosphonomethyl) glycine (C;HNO,P)
(Fig. 1), which is a type pesticide that is widely used in ag-
ricultural areas. Commercial pesticide solutions contain-
ing these active ingredients were obtained from Eskisehir
Green Agricultural Products, Pesticides, and Tools Com-
pany in order to be both economical in pesticide removal
experiments in the batch reactors and to test the form com-
monly used in agricultural activities in Eskisehir province.
The pesticide was stored in a refrigerator at +4 °C

Anaerobic Sludge

Anaerobic sludge (AS) used in the batch reactor was ob-
tained from Eskisehir Sugar Factory Anaerobic Treatment
Unit. Before use, the sludge was homogenized by thorough
mixing and filtered through a filter with a pore diameter of 1
mm. The important properties of AS in terms of treatment,
such as pH, total suspended solids (T'SS),total solids (TS) and
volatile suspendedn solids were determined (Table 1) [7].
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Figure 2. Batch reactor (Oxitop C bottles).

Basal Medium

The composition of the basal medium used in the ex-
periments is as follows (Concentrations of the compo-
nents are given as mg. L™): NH,Cl (1200), MgSO,.7H,O
(400), KCl (400), Na S.9H O (300), CaCL.2H O (50),
(NH,),HPO, (80), FeCl,.4H,0 (40), CoCl,.6H,O (10), KI
(10.0), MnCL,.4H,0 (0.5), CuCl,.2H,0 (0.5), ZnCl, (0.5),
AICL.6H,0 (0.5), NaMoO,2H,0 (0.5), HBO, (0.5),
NiCL,.6H,0 (0.5), NaWO,.2H,0 (0.5), Na,SeO, (0.5), and
cysteine (10.0). This basal medium contains all the micro
and macronutrients necessary for an optimum anaerobic
microbial growth [8-10].

Factorial Experimental Design

Factorial experimental designs are widely used in exper-
iments involving several factors to investigate the com-
mon effects of factors on the outcome [11]. Factorial (3?)
experimental designs were used to minimize the num-
ber of experiments. In this factorial design, 9 different
experimental setups were established by matching three
factors and three levels. In this study, a 3% factorial exper-
imental design was used to investigate the effects of pes-
ticide containing wastewater and co-substrate on COD

LU B By N S S B By HN SN B B SN NN B B B B H R B R

0.0 50 100 15.0 200 min

Figure 3. Chromatogram obtained for N phosphonomethyl
glycine in HPLC.

and pesticide removal. The experiments were conducted
in two parallel runs. Statistical analysis and interpreta-
tions were performed using IBM SPSS Statistics 22 soft-
ware program.

Anaerobic Batch Reactor

The optimization of anaerobic treatment of synthetic
wastewater containing pesticides was studied by apply-
ing statistical-based experimental design in batch studies.
The batch studies were performed in 200 mLworking vol-
ume in 250 ml glass Oxitop C bottles (OxiTop® Control
AN12, WTW, Weilheim, Germany) (Fig. 2). In the full
factorial experimental design nine different experimental
setups were investigated including the effects of different
parameters such as different pesticide initial concentra-
tions (5 mg. L', 25 mg. L?, 45 mg. L) and co-substrates
(a-glucose (2000 mg L, b-propionic acid (1000 mg L?),
c-acetic- propionic-butyric acid mixture (ABP) (1500,
350, 350 mg L respectively).

In all studies, a mineral medium containing substances
necessary for the growth of anaerobic microorganisms was
also used. pH stability was ensured by addition of NaHCO,
and dissolved oxygen removal by Na,S.9H,0. pH was ad-
justed to 7+0.1. All experiments were carried out at 35 °C
for 30 days. At the end of the period, COD and pesticide
removal rates were determined [12].

The HPLC Analysis of N-Phosphonomethyl Glycine
Shimadzu UFLCXR model High-Pressure Liquid Chroma-
tography System (HPLC) device was used for determining
pesticide removal in a batch reactor. Chromatographic in-
structions of HPLC device with DAD detector for the de-
termination of N- (phosphonomethyl) glycine: [13]

Column: C18 (inner diameter: 250 mm x 4.6 mm, particle
size: 5 mm)

Mobile Phase: 0.05 M sodium phosphate buffer
Flow Rate: mL / min
Wavelength: 265 nm

The chromatogram obtained for the analysis of N phos-
phonomethyl glycine in HPLC is given in Figure 3. The
calibration curves were created for all pesticides with the
analysis made on the HPLC device. These curves include
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Table 2. Batch reactor COD results obtained with full factorial (3?) experimental design of synthetic wastewater containing N
phosphonomethyl glycine and co-substrates (a-glucose (2000 mg L™, b-propionic acid (1000 mg L), c-acetic- propionic-butyr-

ic acid mixture (ABP) (1500, 350, 350 mg L™ respectively)

Experiment no Pesticide concentration (A)

Co-substrate type (B)

Average COD removal (%)

Real Code Real Code
1 5mg. L* -1 Glucose -1 99
2 5mg. L -1 Propionic acid 0 96
3 5mg. L -1 ABP 1 98
4 25mg. L 0 Glucose -1 96
5 25mg. L 0 Propionic acid 0 96
6 25mg. L 0 ABP 1 97
7 45 mg. L 1 Glucose -1 97
8 45 mg. L 1 Propionic acid 0 95
9 45mg. L' 1 ABP 1 97

ABP: C-acetic- propionic-butyric acid mixture.

y = 12,517x +2991,6
R?=0,9777

3500 //
3250

3000

+ Calibration curve

w— Linear

2750 T T r y 1
0 10 20 30 40 50 60

Concentration (ppm)

Figure 4. Calibration graph for N phosphonomethyl glycine
in HPLC.

from 2.5 to 50 mg. L'. Standard solutions of N- (phos-
phonomethyl) glycine (Sigma) are used and the obtained
calibration chart is given in Figure 4.

Toxicity Tests

Toxicity Test Using Vibrio Fischeri

The effect of wastewater containing pesticides on prokary-
otic organisms before and after treatment was determined
by the Vibrio fischeri toxicity test. The experiment was
performed on SDI (United States) M500 Microtox® instru-
ment. The determination of toxicity is based on the princi-
ple that the ability of the marine bacterium Vibrio fischeri
culture decreases luminescence properties in the presence
of toxic substances. The experiments were carried out in
2% NaCl solution at 15 °C. Luminescence was measured
at 490 nm. The results were expressed as the concentration
at which 50% of the luminescence was lost at 5 and 15
minutes (EC_)) [14].

Toxicity Test Using Lepidium Sativum

The toxic effect of pesticide-containing wastewater on eu-
karyotic plant cells before and after treatment was evalu-
ated by its effect on the germination of Lepidium sativum
seed. The experiment was carried out in 10 cm petri dishes
on 2 Whatman No: 1 papers sterilised paper and 10 seeds

were placed in each petri dish. The petri dishes were with
5 ml each of the pre and post-treatment samples to wet the
entire Whatman No: 1 paper. Afterwards, the seeds were
placed with equal distance between them. After 7 days of
incubation, measurements were made. The number of ger-
mination and root elongation for each concentration were
used to determine the toxic effect [15]. Experiments were
carried out in 2 replicates.

RESULTS AND DISCUSSION

Determine the Properties of Anaerobic Sludge
Some characteristics of anaerobic sludge used in batch re-
actor studies are given in Table 1.

Batch Reactor Studies of Synthetic Wastewater
Containing N-(phosphonomethyl) glycine

In this work, a statistical approach was chosen based on
a factorial experimental design that would allow us to in-
fer about the effect of the variables with a relatively small
number of experiments. The independent variables of the
experimental design are presented in Table 2. Each one of
the three variables received three values, a high value (in-
dicated by the plus sign), a medium value (indicated by the
zero sign) and a low value (indicated by the minus sign) [8].

COD Removal Results

Batch reactor experimental setups were prepared using dif-
ferent concentrations of N phosphonomethyl glycine and
different types of cosubstrate and the average COD removal
rates obtained from each experiment are given in Table 2.

In line with these results, variance analyses, single and pair-
wise interaction analyses of factors were performed. Ex-
perimental design results were calculated with IBM SPSS
Statistics 22 software. The analysis of variance obtained in
terms of COD removal as a result of the statistically based
study is given in Table 3.
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Table 3. Variance analysis table for COD removal
Source Sum of squares df Average of squares F Sig.
Corrected model 19.240° 8 2.405 12.013 0.001
Interrupter 168428.211 1 168428.211 841253.064 0.000
Concentration 6.642 2 3.321 16.587 0.001
Co-substrate 5.828 2 2914 14.555 0.002
Concentration * Co-substrate 6.770 4 1.693 8.454 0.004
Error 1.802 9 0.200
Grand Total 168449.253 18
Adjusted Total 21.042 17
a R?=0.914 (Adjusted R?=0.838) df: Degree of freedom; F: Frequency; Sig: Significance level.
When Table 3 is analysed, it is seen that the significance  Table 4. Relationship between pesticide concentration and
value calculated for the model is less than 0.05 and pesti- COD removal
cide concentration and 3 different levels of cosubstrate have  ¢oncentration N Subset
a statistically significant effect on COD removal (p<0.05).
It is seen that the single interactions and pairwise interac- 1 2
tions of the factors in the experiments are also statistically 45 mgL" 6 96
significant at 0.05 significance level. In addition, it was de- 5 g1 6 97
termined that the established model explained 83.8% of the .

5mgL 6 97
COD removal.

Sig. 0.060 1.000

The relationship between pesticide concentration differ-
ence and COD removal is given in the homogeneous subset
in Table 4.

When Table 4 was examined, it is seen that the best COD
removal is at 5 mg L' and 25 mg L' pesticide concentration.
The significance value calculated for the model is greater
than 0.05 and there is no statistically significant effect be-
tween pesticide concentration and COD removal (p>0.05).

According to the statistical data, the comparison of pesti-
cide concentrations in COD removal is given in Table 5.

According to Table 5, COD removal was enhanced by
1.49%, on average, when the pesticide concentration de-
creased from 45 mg L' (high level) to 5 mg L (low level).
When 25 mg L' pesticide concentration was used instead
of 5 mg.L" pesticide concentration, COD removal de-
creased by 0.79%. When 25 mg L pesticide concentra-
tion was used instead of 45 mg.L" pesticide concentration,
COD removal increased by 0.69%. As a result of the sig-

Table 5. Effect of pesticide concentrations on COD removal

Sig: Significance level.

nificance test made regarding whether this difference is
statistically significant, sig. the value was obtained as 0.06.
It was found that the difference in COD removal between
the use of 25 mg. L' and 45 mg L' concentrations were
not statistically significant.

The relationship between co-substrate and COD remov-
al was given in Table 6. When Table 6 was examined, it is
seen that the best COD removal is in glucose use. In batch
reactor studies, using propionic acid instead of ABP as a
cosubstrate type increases COD removal by 1.13%, while
the use of glucose increases COD removal by 1.27%. There
is no statistically significant difference in the comparison of
propionic acid and glucose use as co-substrate.

A comparison of different co-substrates in COD removal
according to statistical data is given in Table 7. According

(I) Concentration (J) Concentration Average difference (I-]) Std. error Sig. 95% Confidence interval
Lower limit Upper limit
5mg. L-1 25mg. L' 0.7967* 0.25834 0.032 0.0754 1.5179
45 mg. L 1.4867* 0.25834 0.001 0.7654 2.2079
25mg. L-1 5mg. L* -0.7967* 0.25834 0.032 -1.5179 -0.0754
45mg. L' 0.6900 0.25834 0.060 -0.0313 1.4113
45mg. L-1 5mg. L* -1.4867* 0.25834 0.001 -2.2079 -0.7654
25 mg. L -0.6900 0.25834 0.060 -1.4113 0.0313

Sig: Significance level.
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Table 6. Relationship between co-substrate and COD removal

Co-substrate N Subset

1 2
ABP 6 96
Propionic acid 6 97
Glucose 6 97
Sig. 1.000 0.850

ABP: C-acetic- propionic-butyric acid mixture; Sig: Significance level.

to Table 7, the use of glucose as a co-substrate increased

the COD removal rate by 1.27% compared to the use of

propionic acid. When using ABP instead of glucose, the
COD removal rate increased by 0.14%. As a result of the
significance test made regarding whether this difference
is statistically significant, sig. the value was obtained as
0.850. Since this value is higher than the significance lev-
el of 0.05, it was determined that the difference in COD
removal between glucose and ABP use was not statistical-
ly significant. The use of propionic acid as a co-substrate
reduces COD removal by 1.27% compared to glucose use
and by 1.13% compared to ABP use.

Table 7. Effect of co-substrate on COD removal

5 mgi
—25 mgiL.
45 mgn_

99,00

98,00

97,00

COD removal

96,00

95,00

T T T
Glucose Propionic Acid AP

Figure 5. Profile graph of concentration and cosubstrate inter-
action for COD removal.

The profile graph of the pesticide concentration and cos-
ubstrate interaction is given in Figure 5. When Figure 5 is
analyzed, 5 mg L pesticide concentration and glucose as
cosubstrate, maximum COD removal was obtained.

Pesticide Removal Results

The N-(phosphonomethyl) glycine removal with different
times and different co-substrate test setups and the average
pesticide removal rates are given in Table 8.

(I) Co-substrate (J) Co-substrate Average difference (I-]) Std. error Sig. 95% Confidence interval
Lower limit Upper limit
Glucose Propionic acid 1.2717* 0.25834 0.002 0.5504 1.9929
ABP 0.1417 0.25834 0.850 -0.5796 0.8629
Propionic acid Glucose -1.2717* 0.25834 0.002 -1.9929 -0.5504
ABP -1.1300* 0.25834 0.005 -1.8513 -0.4087
ABP Glucose -0.1417 0.25834 0.850 -0.8629 0.5796
Propionic acid 1.1300% 0.25834 0.005 0.4087 1.8513

ABP: C-acetic- propionic-butyric acid mixture; Sig: Significance level.

Table 8. Pesticide removal results by batch reactor obtained with full factorial design of synthetic wastewater containing N

phosphonomethyl glycine

Experiment no Pesticide concentration (A)

Co-substrate type (B)

Average pesticide removal (%)

Real Code Real Code
1 5mg. L* -1 Glucose -1 73
2 5mg. L -1 Propionic acid 0 52
3 5mg. L -1 ABP 1 71
4 25 mg. L 0 Glucose -1 75
5 25 mg. L 0 Propionic acid 0 49
6 25mg. L 0 ABP 1 51
7 45 mg. L 1 Glucose -1 74
8 45 mg. L 1 Propionic acid 0 69
9 45 mg. L 1 ABP 1 54

ABP: C-acetic- propionic-butyric acid mixture.
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Table 9. Variance analysis table for results of pesticide removal rates

Source Sum of squares df Average of squares F Sig.
Corrected model 2007.987* 8 250.998 2086.630 0.000
Interrupter 71029.318 1 71029.318 590489.432 0.000
Concentration 191.264 2 95.632 795.021 0.000
Co-substrate 1097.180 2 548.590 4560.605 0.000
Concentration * Co-substrate 719.542 4 179.886 1495.446 0.000
Error 1.083 9 0.120

Grand total 73038.387 18

Adjusted total 2009.070 17

aR2=0.999 (Adjusted R2=0.999) df: Degree of freedom; F: Frequency; Sig: Significance level.

In line with these results, analyses of variance, single and
pairwise interaction analysis of the factors were performed.
The results of the experimental design were calculated with
IBM SPSS Statistics 22 software and the analysis of variance
obtained in terms of pesticide removal as a result of the sta-
tistically based study is given in Table 9.

Table 9 shows that the significance value calculated for
the model is less than 0.05. Then, the significance tests
for the model coefficients were examined. It is seen that
the single and pairwise interactions of the factors in
the experiment are statistically significant at 0.05 sig-
nificance level. In addition, it was determined that the
established model explained 99.9% of the pesticide re-
moval. As a result, 3 different levels of concentration and
cosubstrate were considered and their effects were statis-
tically significant.

The relationship between concentration difference and
pesticide removal is given in the homogeneous subset ta-
ble in Table 10.

When Table 10 was examined, it is seen that the best
pesticide removal is at 5 mg L' and 45 mg L' pesticide
concentration. The significance value calculated for the
model is greater than 0.05 and there is no statistically sig-
nificant effect between pesticide concentration and COD
removal (p>0.05).

Comparison of the concentrations for pesticide removal ac-
cording to statistical data is given in Table 11.

Table 11. Effect of pesticide concentration on pesticide removal

Table 10. Relationship between pesticide concentration and
pesticide removal

Concentration N Subset

1 2
25mg. L 6 58
5mg. L 6 65
45 mg. L 6 65
Sig. 1.000 0.181

Sig: Significance level.

According to Table 11, when the pesticide removal rates
obtained at 5 mg L' and 25 mg L' concentrations were an-
alyzed, it was found that the pesticide concentration of 5
mg L' instead of 25 mg L increased the pesticide removal
by 6.71%. The removal rate decreased by 0.39% at 5 mg L™
compared to 45 mg L. As a result of the significance test for
statistical significance of this difference, the sig. value was
0.181. Since this value is higher than 0.05 significance lev-
el, it is determined that the difference in pesticide removal
between the use of 5 mg L and 45 mg L' concentrations is
not statistically significant.

The relationship between cosubstrate and pesticide removal
is given in the homogeneous subset table in Table 12.

According to Table 12, it is seen that the best pesticide re-
moval is in the use of glucose. In batch reactor studies, the

(I) Concentration (J) Concentration Average difference (I-]) Std. error Sig. 95% Confidence interval
Lower limit Upper limit
5mg. L* 25mg. L' 6.7117* 0.20024 0.000 6.1526 7.2707
45 mg. L -0.3900 0.20024 0.181 -0.9491 0.1691
25mg. L 5mg. L* -6.7117* 0.20024 0.000 -7.2707 -6.1526
45mg. L' -7.1017* 0.20024 0.000 -7.6607 -6.5426
45mg. L 5mg. L* 0.3900 0.20024 0.181 -0.1691 0.9491
25 mg. L 7.1017* 0.20024 0.000 6.5426 7.6607

Std: Standart; Sig: Significance level.
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Table 12. Relationship between cosubstrate and pesticide
removal

Co-substrate N Subset

1 2 3
Propionic acid 6 56
ABP 6 58
Glucose 6 74
Sig. 1.000 1.000 1.000

ABP: C-acetic- propionic-butyric acid mixture; Sig: Significance level.

use of ABP instead of propionic acid as co-substrate in-
creases pesticide removal by 1.67%, while the use of glucose
increases pesticide removal by 17.33%. The use of glucose
instead of ABP increases pesticide removal by 15.66%.
These values are statistically significant. Recently, Feng et
al. (2020) [16] reported that most of the organisms utilized
glyphosate as a phosphorus source.

Comparison of different cosubstrates for pesticide removal
according to statistical data is given in Table 13.

According to Table 13, the use of glucose increases the pes-
ticide removal by 17.33% compared to the use of propionic
acid and provides 15.66% more pesticide removal than the
use of ABP. When propionic acid was used instead of glucose
as a cosubstrate, pesticide removal decreased by 17.33%,
while removal decreased by 1.67% when ABP was used.
When ABP was preferred to glucose and propionic acid, pes-
ticide removal decreased by 15.66% and increased by 1.67%,
respectively. These values are statistically significant.

The profile plot of concentration and cosubstrate interac-
tion is given in Figure 6. When Figure 6 is analysed, 25
mg. L pesticide concentration and glucose as cosubstrate,
maximum pesticide removal was obtained.

Most of the recent studies focused on the degradation of
glyphosate pesticides in soil and water by aerobic micro-
organisms and reported successful degradation perfor-
mances [16, 17]. However, there aren’t any papers that
show the degradation of this pesticide by anaerobic or-
ganisms. According to our present knowledge, this is the
first paper that investigated the degradation of pesticides
by anaerobic conditions.

Table 13. The effect of cosubstrate on pesticide removal

Ll — Glucose

Propionic Acid
ABP
70,00

65,00

60,00

COD removal

55,00

50,001

45,00

T T T
SmglL. 25 mgiL 45 mgiL

Figure 6. Profile graph of concentration and cosubstrate inter-
action for pesticide removal.

Ecotoxicological Studies

Toxicity Results with Prokaryotic Cells

In Tables 14 and 15, Vibrio fischeri toxicity test results of
samples taken before and after the batch reactor using 5 mg
L' as the concentration and glucose as co-substrate with
the best efficiency in COD removal were given.

5 mg L'pesticide containing inlet concentration had tox-
ic effect over 19% of the Vibrio fischeria before treatment,
while no toxic effect was observed after treatment. This
shows that the toxic value of wastewater containing pesti-
cides decreased.

Toxicity Results with Eukaryotic Cells

Table 16 shows the results of Lepidium sativum toxicity
test of the samples taken before and after the batch reac-
tor with 5 mg L pesticide concentration and glucose as
cosubstrate.

The tested concentration 5 mg. L pesticide showed toxic
effect on root and stem growth Lepidium sativum before
anaerobic treatment. After the anaerobic treatment in the
batch reactor, root germination increased at a certain rate
(15.2 mm) and stem germination decreased (18.4 mm).
This indicates that the toxic effect of wastewater on root
germination decreased after treatment. However, it is seen
that the pressure on root and stem germination continues
after treatment compared to control petri dishes.

(I) Co-substrate (J) Co-substrate Average difference (I-]) Std. error Sig. 95% Confidence interval
Lower limit Upper limit
Glucose Propiyonic acid 17.3350* 0.20024 0.000 16.7759 17.8941
ABP 15.6617* 0.20024 0.000 15.1026 16.2207
Propionic acid Glucose -17.3350* 0.20024 0.000 -17.8941 -16.7759
ABP -1.6733* 0.20024 0.000 -2.2324 -1.1143
ABP Glucose -15.6617* 0.20024 0.000 -16.2207 -15.1026
Propiyonic acid 1.6733* 0.20024 0.000 1.1143 2.2324

ABP: C-acetic- propionic-butyric acid mixture; Sig: Significance level.
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Table 14. Vibrio fischeri toxicity test results of 5 mg L concentration before anaerobic treatment

5 Mins data 15 Mins data
Sample Concentration (mg. L?) I, I Gamma % Effect I Gamma % Effect
Control 0.000 97.00 145.29 1.000# 178.39 1.000#
1 0.019 89.40 150.25 0.0000# -12.00% 178.42 -7.000* -8.000%
2 0.039 90.93 139.58 -2.000* -2.000% 176.42 -5.000% -5.000%
3 0.078 83.28 136.31 -8.000% -9.000% 173.30 0.0000* -13.00%
4 0.156 90.15 147.85 -8.000* -9.000% 178.42 -7.000* -7.000%
5 0.312 96.37 148.60 -2.000* -2.000% 178.42 -6.000% 0.0000%
6 0.625 92.10 149.11 -7.000% -8.000% 177.32 -4.000* -4.000%
7 1,250 89,91 133,87 5,000* 0,0000% 162,13 1,000* 1,000%
8 2,500 86,30 121,66 6,000# 5,000% 145,91 0,0000# 8,000%
9 5,000 81,47 102,60 0,0000* 15,00% 120,82 0,0000# 19,00%
Table 15. Vibrio ficsheri toxicity test results after anaerobic treatment of a concentration of 5 mg L™!

5 Mins data 15 Mins data
Sample Concentration (mg. L?) I, Gamma % Effect I, Gamma % Effect
Control 0.000 95.44 112.49 1.000# 130.06 1.000#
1 0.019 89.67 109.89 -3.000* -3.000% 130.71 -6.000% -6.000%
2 0.039 92.53 103.89 4.000* 4.000% 119.57 5.000 5.000%
3 0.078 87.46 105.84 -2.000* -2.000% 125.80 -5.000* -5.000%
4 0.156 90.66 111.53 -4.000* -4.000% 130.62 -5.000% -5.000%
5 0.312 92.11 121.95 0.0000* -12.00% 144.54 0.0000* -15.00%
6 0.625 90.72 122.56 0.0000* -14.00% 150.42 0.0000* -21.00%
7 1.250 81.86 103.00 -6.000# -6.000% 118.84 -6.000% -6.000%
8 2.500 75.90 122.88 0.0000* -37.00% 133.19 0.0000* -28.00%
9 5.000 74.79 122.28 0.0000* -38.00% 152.05 0.0000* -49.00%
Table 16. Lepidium sativum toxicity root and stem growths

Root (average) Stem (average)

Control Before batch reactor After batch reactor Control Before batch reactor After batch reactor
21.85 mm 13.35 mm 15.2 mm 30.05 mm 22.95 mm 18.40 mm

Recently, de Castilhos Ghisi et al. (2020) [18] showed that gly-
phosate had toxic effects on living organisms. Similarly, in the
results of ecotoxicology studies, the presence of this pesticide
affected procaryotic and eucaryotic organisms, but the water
treated with the anaerobic system contained less amount of
pesticide and showed less toxicity to the test organisms.

CONCLUSION

Pesticides are plant protection drugs that are becoming more
and more widespread day by day, although their damages to
human and environmental health have been revealed by many
scientific studies all over the world and in our country. The
use of pesticides, which are used to protect plants against the
negative effects of diseases and pests, has been shown by many

scientific to be harmful to human and environmental health,
ecological balance and agricultural products, especially cancer.

One of the most important sources of pesticide contami-
nation is the discharge pesticide-containing domestic and
industrial wastewater into receiving environments. In this
context, the treatment process of pesticides is ecologically
important. However, due to their complex chemical struc-
ture and synthetic origin, the treatment of pesticides is very
difficult. Depending on the need, the structures of pesticides
change and the removal process becomes more difficult.

In this study, the treatment potential of wastewater with dif-
ferent pesticide concentrations prepared with N- (phospho-
nomethyl) glycine in a laboratory environment was determined
in a batch anaerobic reactor. When the analysis of variance
obtained in terms of COD removal as a result of the statisti-
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cally based study is examined, it is seen that the significance
value calculated for the model is less than 0.05. This shows that
the established model is statistically significant. Then, the sig-
nificance tests for the model coefficients were examined. It is
seen that the individual effects and the interaction effects of
the factors in the experiment are statistically significant at the
0.05 significance level. In addition, it was determined that the
established model explained 83.8% of the COD removal.

According to the results of the experimental design of an-
aerobic batch reactor studies, it was found that the best
COD removal in the experimental set prepared with N-
(phosphonomethyl) glycine was 99% when pesticide con-
centration was 5 mg L™ and glucose was used as cosubstrate
and the best pesticide removal was 75% when pesticide
concentration was 25 mg L and glucose was used as cos-
ubstrate. In terms of binary interaction, it was determined
that pesticide concentration and co-substrate type were not
statistically significant on COD and pesticide removal.
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INTRODUCTION

ABSTRACT

Losses and damages from climate change-related extreme weather events and disasters require
the development of adaptation measures to increase resilience to the adverse impacts of climate
change. In line with the United Nations Framework Convention on Climate Change (UNFC-
CC) and the Paris Agreement's Global Goal on Adaptation, Parties have developed strategies
that include adaptation actions, but there are significant gaps in the identification of adaptation
needs and the monitoring and evaluation (M&E) of actions to address them. Adaptation M&E
systems are critical for measuring the success of adaptation actions, providing feedback from
the implementation process, and identifying new actions. There is no global methodology for
adaptation M&E. At international climate change negotiations in 2023, it was agreed that coun-
tries should operationalize their national adaptation M&E systems by 2030. The study aims
to evaluate adaptation M&E methodologies developed by countries at different development
levels and to present future policy recommendations for the adaptation M&E system planned
to be established in Tiirkiye. The study reveals the necessity of up-to-date socio-economic data
as well as climate data in determining adaptation needs and adaptation M&E systems. In Tiir-
kiye, which is vulnerable to the impacts of climate change, for the success of adaptation actions,
besides the rapid operationalization of the adaptation M&E system, the establishment of the
system with an approach that includes all stakeholders in the process and considers adaptation
actions as integrated with disaster risk management actions is an important requirement in the
context of Tiirkiye's international commitments, national security, and development.

Cite this article as: Tuga¢ C. Enhancing climate change resilience: Assessing adaptation needs,
and significance of monitoring and evaluation systems. Environ Res Tec 2025;8(1)17-34.

Panel on Climate Change (IPCC) as "In human systems, the
process of adjustment to actual or expected climate and its

The two key strategies identified by the United Nations (UN)
for combating climate change today are mitigation of green-
house gas emissions and adaptation to the adverse effects of
climate change. Adaptation to climate change is becoming
increasingly important in today's conditions, where cli-
mate-related extreme weather events are increasing. Adapt-
ing to climate change is defined by the Intergovernmental

*Corresponding author.
*E-mail address: cigdem.tugac@hbv.edu.tr

effects, in order to moderate harm or exploit beneficial op-
portunities”" [1]. In addition to determining the needs that
require adaptation to climate change and the actions tak-
en towards them, conducting monitoring and evaluation
(M&E) that will make it possible to evaluate the effectiveness
of these actions and learn from the results is very important
in determining forward-looking adaptation strategies [2].

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Climate change adaptation efforts, actively pursued through
the UNFCCC and the Paris Agreement, specifically aim to
achieve the Global Goal on Adaptation (GGA). The main
components of the GGA, which are detailed under Article
7 of the Paris Agreement and form the basis of adaptation
efforts, include the following [3-5]:

. Enhancing adaptive capacity,
. Reinforcing resilience,
. Mitigating vulnerability to climate change.

The importance of the GGA and its components lies in the
escalating frequency, severity, and global scale of climate
change impacts, resulting in widespread loss and damage
worldwide [1]. Even if countries aim for net-zero emis-
sions, the lasting effects of historical emissions will persist
for centuries. This underscores the urgency of conducting
studies on adapting to climate change, enhancing climate
resilience, and reducing vulnerabilities across sectors to
achieve the GGA targets [1, 6].

In this context, there is a growing body of research dedicated
to ensuring sustainable and climate-resilient development
in economic sectors [7, 8], establishing efficient and flexible
heating, cooling, and energy systems [9-12], climate-sensi-
tive urban planning and design [13-15], local climate action
[16, 17], public health protection [18], disaster risk man-
agement [19, 20], capacity building in legal, human, and
administrative systems [21, 22], ecosystem protection, and
using nature-based solutions to combat climate change [23,
24], constructing climate-resilient infrastructure [25, 26],
ensuring water and food security [27-29], and combating
drought [30, 31]. A plethora of studies have demonstrated
that the implementation of adaptation actions in order to
achieve the GGA objectives not only enhances resilience
but also yields considerable environmental, economic, and
social benefits by reducing vulnerability [1].

However, assessing the success of adaptation actions in-
volves some difficulties in itself. This is because, while M&E
methodologies that show the success of actions to reduce
greenhouse gas emissions on a global scale in terms of car-
bon dioxide (CO,) equivalents have already been estab-
lished, there is not yet a global M&E (and Learning-MEL")
system or methodology that would enable the monitoring
of the adequacy and effectiveness of global efforts to adapt
to climate change to achieve the goals of the GGA or that
would link national M&E systems. Although efforts are un-
derway to establish such a system, there is a need to improve
these efforts [3, 4, 32-34]. The Annual Report of the UNF-
CCC Adaptation Committee published on 26 October 2023
also emphasized the need for studies and adaptation M&E
systems to guide planning for adaptation to climate change.
Among these efforts, it was stated that work is underway
to prepare a technical document for establishing an M&E
system and to support Parties' adaptation actions within the
framework of National Adaptation Plans (NAPs) [35].

X A
Iterative
adaptation
process
K K

Figure 1. UN adaptation cycle [41].

Establishing adaptation M&E systems was also one of
the main subjects of the Adaptation Gap Report pub-
lished by the UN Environment Program (UNEP) in
2023. The Report emphasized that adaptation M&E sys-
tems are relatively underdeveloped due to difficulties in
developing systems and methodologies for understand-
ing the effectiveness of planning and implementation of
adaptation actions. However, today, the pressure in legal
and financial processes that require proving the effec-
tiveness and success of adaptation actions, especially in
international climate change negotiations, is increasing,
further increasing the importance of adaptation M&E
systems [36].

During the 28" Conference of the Parties (COP 28) to
the UNFCCC held in Dubai from November 30% to De-
cember 13%, 2023, the taken decisions reflected the ne-
cessity for M&E systems for adaptation actions. COP28
was the first of the Global Stocktakes (GST), which will
now take place every five years. Under the GST, Parties
to the UNFCCC and the Paris Agreement are urged to
demonstrate their national mitigation and adaptation ac-
tions clearly. Hence, the M&E of adaptation actions has
become as crucial as their planning. At COP28, the GST
Decision-CMAS5 document, which outlines the decisions,
specifies a timeline for a roadmap defining the adapta-
tion actions that countries need to undertake within the
adaptation cycle (Fig. 1) established by the UN [37]. The
COP28 decision text encompasses the completion of
planning and policy development processes regarding
adaptation by all countries by 2025, ensuring their im-
plementation until 2030, and the consolidation of adap-
tation-related information submitted by Parties in their
biennial transparency reports within a synthesis report by
the Secretariat (Articles 59 and 60) [38].

1

In the context of adaptation M&E, integrating insights from action outcomes and experiences enhances the system, integrating the notion of

'Learning' into M&E frameworks. Some sources in the literature refer to these systems as MEL (Monitoring, Evaluation and Learning) [33].



Environ Res Tec, Vol. 8, Issue. 1, pp. 17-34, March 2025

19

Therefore, transparent reporting of the steps taken on ad-
aptation has become very important. This means that the
contribution levels of national actions to global efforts will
be determined by developing national M&E systems for ad-
aptation actions reported through National Communica-
tions (NCs), Nationally Determined Contributions (NDCs)
and/or NAPs to the UNFCCC Secretariat [1, 33, 39, 40].
This is emphasized in the Adaptation section (Article 48) of
the COP28 CMAS5 document with the following statement:
“Notes that there are gaps in implementation of, support
for and collective assessment of the adequacy and effective-
ness of adaptation, and that M&E of outcomes is critical for
tracking the progress and improving the quality and aware-
ness of adaptation action” [38].

Besides the above-mentioned documents, at UNFCCC
COP28, as part of the United Arab Emirates Framework
for Global Climate Resilience, within the adaptation cycle's
defined objectives, the necessity for UNFCCC, and Paris
Agreement parties, including Tiirkiye, to develop national
MEL systems for adaptation by 2030 was highlighted. This
is stated in the Glasgow-Sharm el-Sheikh Work Programme
on the GGA referred to in decision 7/CMA.3 text (para-
graph 10/d) as “Monitoring, evaluation and learning: by
2030 all Parties have designed, established and operation-
alized a system for monitoring, evaluation and learning for
their national adaptation efforts and have built the required
institutional capacity to fully implement the system” [37].

Another dimension of the need for adaptation M&E/MEL
systems is undoubtedly related to adaptation financing. The
delay in observing the outcomes of adaptation actions com-
pared to mitigation actions raises discussions about how
funds provided by developed countries for adaptation ac-
tions in developing countries are utilized, in other words,
whether they are effectively used for adaptation actions in
developing countries [34, 40, 42—-44]. Therefore, the impor-
tance of adaptation M&E systems has also increased in the
future to collect data for the necessary assessments to use
the Loss and Damage Fund established at COP28 to com-
pensate for losses and damage caused by extreme weather
events and slow onset events in developing countries, as
well as other existing sources of adaptation finance [39, 45].

As mentioned above, efforts to measure the effectiveness
of adaptation actions through M&E have been ongoing for
some time, mainly under the leadership of the UNFCCC
Adaptation Committee. As a result, various approaches have
been developed [46]. For example, there are indicators for as-
sessing climate adaptation projects that apply to benefit from
the Green Climate Fund, one of the funds under the UNFC-
CC and the Paris Agreement. However, these indicators are
independent of the characteristics of the beneficiaries and are
based on numerical results [34]. Most country-based indica-
tor-driven adaptation M&E systems use different methods,
with assessments based on fewer than 15 or more than 100
indicators. There is no standardized approach for collecting
the data required for these indicators; surveys, workshops,
interviews, and literature reviews are often used. In the as-
sessment of adaptation actions, most developing countries do

not have the basic data required for adaptation M&E, or there
are problems with the quality and reliability of existing data.
Another challenge in M&E of adaptation actions is the rela-
tionship of some actions with GHG mitigation actions. This
situation adds uncertainties to adaptation M&E [1, 47, 48].
Nevertheless, the ongoing evolution of and insights gained
from existing M&E methodologies are crucial for both na-
tional M&E/MEL systems, and the UNFCCC Secretariat in
developing a methodology/system for M&E of global adapta-
tion efforts. In addition, understanding the types of data used
in the adaptation cycle and the existing methodologies devel-
oped by some countries for the M&E of adaptation actions
is also of great importance in the context of reporting the
national adaptation M&E methodology/systems requested
from the Parties in line with the COP28 decision and the out-
puts to be obtained from them to the UNFCCC Secretariat.

In this framework, the study seeks answers to the following
research questions:

1. What kind of data are used in determining the need for
adaptation to climate risks and then determining adap-
tation actions, is only climate data sufficient?

2. What are the methodologies developed by countries at
different levels of development for M&E of the effective-
ness and adequacy of climate change adaptation actions
and what is the situation in adaptation M&E in Tiirkiye?

MATERIAL AND METHODS

This study aims to evaluate the adaptation M&E methodolo-
gies developed by countries at different levels of development
and to provide future policy recommendations for the adap-
tation M&E system planned to be established in Tiirkiye.

The study employed a relational research model to address
the research questions and examined the relationship be-
tween climate change adaptation actions and the meth-
odologies for adaptation M&E efforts (Fig. 2). Various in-
ternational institutions such as the UN, UNFCCC, IPCC,
along with publications, reports, websites related to climate
change adaptation from Tiirkiye and other countries, were
utilized as data sources, in addition to academic literature.

This study examines different M&E systems and approach-
es to climate change adaptation, revealing that this issue
has not yet been comprehensively researched in Tiirkiye
and many other countries, and contributes to the literature.
The methodologies summarized here cover the elements
of the systems and methodologies that the UNFCCC Sec-
retarjat requests from Tiirkiye and other countries to be
established by 2030 regarding adaptation in international
climate change negotiations. Therefore, Tiirkiye and other
countries can benefit from the content of this study in the
processes of developing policies on adaptation to climate
change and establishing an M&E system for adaptation
actions. The study aims to guide the revisions to be made
to Turkiye's National Climate Change Adaptation Strategy
and Action Plan (NCCASAP) in the future. In addition, the
study aims to lay the groundwork for the establishment of
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Aim: To evaluate
adaptation M&E
methodologies
developed by
countries at different
development levels
and to present future
policy
recommendations for
the adaptation M&E
system planned to be
established in Tiirkiye.
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Climate data requirements

Technology requirements

Turkiye's NCCASAP

Tarkiye's Adaptation M&E

Capacity building for M&E
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Conclusions
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UN SDGs
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Figure 2. Conceptual method flowchart.
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Figure 3. Data requirements in adaptation cycle [39].

an M&E/MEL system for NCCASAP in Tiirkiye and to fa-
cilitate academics to conduct further research in this field.

RESULTS AND DISCUSSION

Types of Data Necessary for Assessing Climate Risks and
Adaptation Needs

The need for M&E systems to assess the effectiveness of
climate change adaptation is growing. Therefore, data on
adaptation is crucial. Article 7 of the Paris Agreement calls
on Parties to use the best available science for adaptation.
GSTs will assess global progress on adaptation and support

the review process. The Cancun Framework for Adapta-
tion provides the basis for strengthening data systems and
making climate data available to decision-makers. Research
and systematic observation are on the Subsidiary Body for
Scientific and Technological Advice (SBSTA) agenda in in-
ternational climate negotiations [5, 49, 50].

Preparation of adaptation-related communications for the
UNFCCC Secretariat involves the use of tools such as NAP,
NDC and NC, which highlight the need for different types of
data across the four stages of the adaptation cycle (Fig. 3). The
actions taken and the data used at each stage can be linked
to M&E. The steps in this process are as follows [39, 47, 48]:



Environ Res Tec, Vol. 8, Issue. 1, pp. 17-34, March 2025

21

Atmosphere

Surface
Precipitation

Pressure

Radiation budget
Temperature

Water vapour

Wind speed and direction

R .

Upper-air

Earth radiation budget
Lightning

Temperature

Water vapor

Wind speed and direction

o o v e

Atmospheric Composition

» Aerosols

» Carbon dioxide, methane and
other greenhouse gases

» Clouds

» Ozone

» Precursors for aerosols and ozone

. Hydrosphere

Land

Cryosphere

Glaciers

Permafrost
Snow

>

: » Ice sheets and ice shelves
2
»

Biosphere

Above-ground biomass

: Physical

Ocean

- » Groundwater Ocean surface heat flux
: » Lakes Seaice

: » River discharge Sea level

: Sea state

Sea surface currents
Sea surface salinity

Sea surface stress

Sea surface temperature
Subsurface currents
Subsurface salinity
Subsurface temperature

I

3
»  Albedo : Biogeochemical
» Evaporation from land > Inorganic carbon
» Fire » Nitrous oxide
» Fraction of absorbed > Nutrients
photosynthetically active radiation > Ocean colour
(FAPAR) >  Oxygen
>

Land cover
Land surface temperature
Leaf area index

Transient tracers

: Biological/ecosystems

Soil carbon
Soil moisture

v v W v w

fluxes

Anthroposphere
: » Anthropogenic Greenhouse gas

: » Anthropogenic water use

* > Marine habitats
: > Plankton

Figure 4. Global climate indicators [39, 52].

1. Assessment of impacts, vulnerability, climate risks and
resilience (this initial step will also determine the mea-
sures to be used for M&E in step 4),

2. Adaptation planning (this step requires the identifica-
tion of an appropriate set of adaptation measures, con-
sidering financial, administrative, and legal aspects.
This process will help define other measures for the
M&E stage),

3. Implementation of adaptation measures (this stage in-
dicates whether the stages of the cycle are well designed
and provides lessons learned from the established M&E
system),

4. M&E of adaptation actions (conducting M&E at each
stage of the cycle, not just at the end, will positively sup-
port the process).

In the IPCC 6™ Assessment Report (AR6) Working
Group II (WGII) on Impacts, Adaptation and Vulner-
ability report provides important insights into climate
risks and adaptation data. It highlights the interconnect-
ed nature of climate risks, which arise from the interplay
between climate-related hazards and the exposure and
vulnerability of human and natural systems. These risks
are shaped by both climate and socio-economic process-
es, underscoring the need for adaptation strategies to

incorporate data from both domains to mitigate climate
risks effectively [1].

The Global Climate Observing System (GCOS), supported
by key organizations such as UNESCO’s Intergovernmental
Oceanographic Commission, World Meteorological Or-
ganization, UNEP, and the International Science Council,
plays a critical role in collecting climate data. GCOS mon-
itors atmospheric, terrestrial, and oceanic conditions and
provides critical guidance for improving global climate
conditions [51]. The global climate indicators that are es-
sential to support mitigation and adaptation efforts are list-
ed in Figure 4.

Economic and social data, as well as historical climate data,
should be considered when conducting analyses at differ-
ent scales within the four-stage adaptation cycle described
above. However, it is only when these data are combined
with climate data that consistent projections for adaptation
can be developed. In other words, it is essential to make
not only observations of the atmosphere, soil and ocean,
but also observations of socio-economic processes to ob-
tain the data necessary for the analyses to be carried out
to determine adaptation needs. In this way short-, medi-
um- and long-term adaptation plans can be made using the
data obtained. Examples of socio-economic data that can be
considered in this context are [39],
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o Population data (e.g., total population, density, urban
population, age and gender distribution, inequalities),

o Economic data (e.g., GDP, annual GDP growth rate,
income from sectors such as climate-sensitive industry,
agriculture),

o Land cover and land use (e.g., total land area, amount
of cropland, rangeland, forest and other land and
land uses),

o Water resources and water data (e.g., amount of water
per capita, annual water withdrawals for different uses)

o Agriculture and food data reflecting the socio-econom-
ic situation (e.g., amount of irrigated land, amount of
agricultural employment, total labor force, livestock,
economic value of the agricultural sector).

The concept of adaptation needs refers to “the actions and
resources required to complete all stages of the adaptation
process, from assessing risks and vulnerabilities to plan-
ning, implementing, and monitoring and evaluating ad-
aptation measures”. The first step in the adaptation cycle is
to identify adaptation needs in response to climate change
impacts [47, 53].

The availability and accuracy of data is essential for consis-
tent forecasting and adaptation planning. Based on these
data, climate models help to make projections of weather,
climate and socio-economic conditions. However, there
are global challenges to the data used in these studies,
such as the lack of observing systems in some regions and/
or the unavailability of data in digital formats. Although
it is possible to scale global data to local levels, the unpre-
dictable nature of climate change poses some challenges
in determining climate impacts. These challenges affect
the identification and implementation of adaptation mea-
sures, particularly in the areas of food and water security,
resilience, and disaster risk management [39]. These chal-
lenges arise from the following characteristics of adapta-
tion actions [54, 55]:

o The results of adaptation measures can unfold over a
long time period, sometimes several decades.

o While adaptation actions are determined based on lo-
cal conditions, the unpredictable dimensions of climate
change can further complicate local impacts. Measuring
these uncertain conditions can be difficult and some-
times impossible.

« The existence, collection and assessment of data related
to adaptation sectors can also be challenging and may
require the measurement and assessment of events that
have not yet occurred.

o There isn't a globally accepted methodology for con-
ducting adaptation M&E, making it difficult to assess
the impact of adaptation actions on a global scale.

o At local and national levels, terminology related to ad-
aptation may be used in different contexts.

o There are also shortcomings in linking locally identified
adaptation needs and actions to national programs.

Different climate and socio-economic data from obser-
vations and forecasts from different stakeholders around
the world require standardization by institutions such as
national meteorological and water management agencies.
These data, supported by local input, are used to meet the
data needs of adaptation planning, including the use of
high-tech tools such as artificial intelligence and big data.
In this context, climate services facilitate the use of scien-
tifically produced data by facilitating collaboration between
data producers and decision-makers [1, 2, 33, 39].

Methodologies Focused on the Adaptation M&E

It's critical to conduct M&E of implemented adaptation ac-
tions, which marks the fourth step in the adaptation cycle
[5,43]. IPCC's AR6 WGII Report highlights the importance
of linking adaptation planning and M&E processes, espe-
cially in addressing the limits of adaptation and developing
effective responses to climate change risks. According to the
IPCC, M&E in adaptation includes activities to track prog-
ress, improve effectiveness, and iteratively manage risks. It's
critical at all stages to identify effective interventions and
manage risks at multiple scales. Adaptation M&E systems
are still under development and are not yet fully adequate
[1]. Three fundamental aspects that need to be considered
in M&E systems for adaptation actions at all scales [56]:

1. Evolving vulnerabilities and risks,

2. Identified adaptation goals and objectives,

3. Adaptation actions implemented.

From the actions within the scope of M&E [1, 33, 57];

» Monitoring aims to track progress in achieving objec-
tives, including using financial resources, during im-
plementing of climate change adaptation measures. It
allows for comparison of results achieved with expected
results and, if necessary, prompts improvements.

o Evaluation systematically determines the effectiveness
of an action. It can be conducted before, during, or after
implementation to assess goal achievement and identi-
ty success factors. It covers productivity, accountability,
results, capacity, impact on groups, lessons learned, and
parallels with similar interventions.

Transforming adaptation M&E into a MEL system facili-
tates leveraging insights from M&E to enhance adaptation
actions. This approach aids in detecting the adverse effects
of wrong adaptation choices (maladaptation) and identify-
ing new vulnerabilities needing adaptation [44, 48, 58, 59].

Adaptation M&E/MEL systems are notably absent from
NAPs worldwide, with only 24% implemented and 19%
under development. Existing systems focus primarily on
monitoring and neglect the crucial evaluation phase, which
is essential for NAP updates. Results-Based Monitoring
(RBM), which uses the Logical Framework approach to
evaluate indicators, is preferred by many countries and or-
ganizations. There are also other methods, such as partici-
patory M&E, and impact assessment, each with its advan-
tages and disadvantages [33, 36, 60, 61].
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Key initial priorities for the development of adaptation
MEL systems include [48, 62]:

« Policy development and implementation at all levels
of decision-making for effective operation of MEL sys-
tems.

o Addressing challenges in establishing these systems,
including indicator development, long-term uncer-
tainties, data gaps, capacity limitations, financial con-
straints, and implementation barriers.

o Selecting indicators and criteria that are appropriate for
all levels of government to avoid incentivizing inappro-
priate adaptation actions.

« Establishing MEL systems incrementally, starting at the
baseline level and improving over time with new indica-
tors and criteria consistent with progress.

+ Ensuring integration with diverse financial resources to
sustain the functionality of the MEL system.

Following the decision taken at COP28 of the UNFCCC,
efforts are underway, led by the Adaptation Committee, to
establish systems to facilitate M&E of adaptation actions at
the global level through collaborative work involving other
relevant UN bodies and participants from the Parties to the
UNFCCC [38, 57, 63]. Examples of adaptation M&E/MEL
systems established by different countries at different levels
of development have been examined as guiding models in
the following titles.

United States (US) /Resilience Metrics (Climate
Adaptation Toolkit)

The Resilience Metrics approach was developed over 10
years as a result of a collaborative effort of experts from
various professions supported by the National Oceanic and
Atmospheric Administration (NOAA) in the US. This ap-
proach is used in the M&E of climate change adaptation
measures [64].

In this approach, the concepts of indicators and metrics are
first explained [65]:

« An indicator is defined as 'a sign that shows the desired
outcome of adaptation actions'.

o Metrics are defined as the expression of the relevant in-
dicator with both qualitative and quantitative variables
(for measurable indicators).

For example, if the indicator is an adaptation to flooding,
the metric is the comparison of the monetary value of losses
and damages before and after the implementation of these
measures. Therefore, in this approach, the terms indicator
and target are not used interchangeably. The target is con-
sidered only in terms of what is expected to be achieved at
a given point in time. However, it was emphasized that the
mentioned targets should be detailed through adaptation
actions and expressed through indicators and metrics. In
the Resilience Metrics approach, it is stated that the success
of adaptation actions cannot be measured without M&E.
Accordingly, it is stated that local needs, existing data, and

the target audience of the implemented actions are import-
ant in the selection of adaptation indicators and metrics to
be used in the M&E system. The general topics of the indica-
tors and metrics discussed in the toolset of this method are
listed below and examples of these are given in Table 1 [65]:

« Economic indicators and metrics

« Environmental indicators and metrics
« Governance indicators and metrics

« Infrastructure indicators and metrics
« Social indicators and metrics

The approach emphasizes the importance of human, finan-
cial, and technical capacity, as well as governance processes,
in conducting M&E once these indicators have been iden-
tified. Within this framework, it's noted that M&E can also
identify undesirable outcomes of adaptation actions [65].

Table 1 illustrates that while indicators and metrics exist for
economic and environmental dimensions in the US’s adap-
tation M&E approach, a more comprehensive assessment is
conducted for the social dimension. This emphasis derived
from the recognition that sustainable adaptation requires
social ownership, and that socio-economic data are crucial
for consistent evaluations. In this framework, while certain
quantitative data such as population growth are monitored
under headings like Social Aspects, Governance Aspects
are integrated into the M&E system separately. Notably,
indicators explicitly involving stakeholder participation in
processes have been identified. An additional noteworthy
aspect of the US's adaptation M&E methodology is the
creation of a separate data layer for Infrastructure. This
approach ensures that M&E is conducted dynamically and
remains current, encompassing not only infrastructure sec-
tors like transportation but also Emergency Action Plans.

European Union (EU)/Adaptation Support Tool
(Climate-ADAPT)/M&E Component

The EU is stepping up its efforts to make adaptation efforts
more efficient, guided by "smarter, faster and more system-
atic" approaches [66]. Adaptation policy studies from the
Green Paper (2007) to the EU Climate Change Adaptation
Strategy (CCAS) of 2013 show continuity in this area. The
culmination of these efforts is the new EU CCAS, published
in 2021 as part of the European Green Deal. The strategy
aims to develop the Climate-ADAPT system, which is the
EU's data/information exchange and decision support tool
for adaptation, beyond an information tool to a monitor-
ing and reporting mechanism for adaptation [67]. Cli-
mate-ADAPT outlines a six-step adaptation cycle [68]:

1. Ground preparation

2. Risk assessment

3. Identify adaptation options
4. Evaluate options

5. Planning for implementation

6. M&E
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Table 2. Examples of monitoring indicators for DAS [72]

Cluster Action area Impact-indicators-effects Response-indicators-adaptations
Health Human health Heat exposure Heat warning service
Water Water management, Groundwater levels Water use index
water regime, coastal and
marine protection
Land Soil Soil moisture levels in agricultural soils  Humus content of arable land
Infrastructure Building industry Heat stress in urban environments Recreation areas
Economy Trade and industry Heat-related loss in performance The manufacturing sector’s water
consumption intensify
Spatial planning and Civil protection Man-hours required to manage Disaster response information

civil protection

damage from weather-related events

Cross sectoral
indicators

Adapting to climate change at the
local administrations

In step 6, the EU focuses on generating learning and account-
ability results in adaptation M&E. This step ensures oversight
and stakeholder coordination, learning from successes or
failures to improve adaptation strategies and plans. The EU
addresses the following subtopics in adaptation M&E [68]:

1 Understanding drivers and targets
2. Identifying stakeholders

3. Definition of monitoring, reporting, and evaluation
(MRE) indicators and methods

4. Communicating results to decision-makers
5. M&E of adaptation actions.

Under these subtopics, the EEA's approach to indicator
development, as outlined by Makinen et al. [69], includes
three categories:

1. Climate change indicators to understand the impacts of
climate change.

2. Climate change impact indicators to capture impacts.

3. Economic, social, environmental and health vulnera-
bility indicators to identify vulnerability and monitor
adaptation strategies.

EEA's methodology for selecting indicators considers how
changes in the scope of adaptation actions at different lev-
els, such as national and regional, will affect the approach.
At the regional level, a new set of indicators on the impacts
of climate change on society and environmental systems is
introduced. At national and higher scales, these indicators
are categorized within the EEA methodology as input, pro-
cess, output and outcome indicators. Based on their scope,
the indicators are grouped into exposure, adaptive capacity,
sensitivity, composite vulnerability, and hazard indicators.
Alignment with the Paris Agreement, the Sendai Frame-
work for Disaster Risk Reduction (DRR) and the UN Sus-
tainable Development Goals (SDGs) is a key criterion in the
selection of indicators [69].

Despite this approach developed by the EEA, it should be
noted that while the EU has an implemented M&E system
for greenhouse gas emissions at the Union level, it has an
approach for local identification and M&E of adaptation

actions. This is detailed in Annex 1 of the Commission
Implementing Regulation (EU) 2020/1208, Article 4 on
National Adaptation Plans. In the section "Monitoring and
evaluation of adaptation actions and processes” it is stated
that “Member States shall report on their approaches, sys-
tems used, transparency and indicators when M&E relates
to reducing climate impacts, vulnerabilities and risks and
enhancing adaptive capacity” [70].

As a result of this approach towards local determination and
M&E of adaptation actions, it is seen that the successful prac-
tices of the Union countries are included in Climate-ADAPT.
One of the examples included in Climate-ADAPT is the
M&E system created by Germany for its Climate Change Ad-
aptation Strategy (DAS), which includes not only monitoring
but also an evaluation system [71]. The indicators addressed
in Germany's 2019 monitoring report are considered within
different sector and thematic clusters (Table 2) in the context
of impact and response [72].

In terms of evaluation, the evaluation of the German Adap-
tation Action Plan (APA II) covers both strategic and op-
erational levels. While the products and outcomes of the
DAS are evaluated at the strategic level, the impact of APA
IT measures on target groups is evaluated at the operational
level. The strategic results cover the short-, medium- and
long-term impact of the DAS, while the operational results
measure the impact of APA II on the target groups. A three-
stage evaluation system assesses the process, implementa-
tion status, and overall impact [71].

In line with the EU's policy on local determination of adap-
tation actions and adaptation M&E systems, it is seen that
in the system created to carry out the M&E of Germany's
DAS, which is taken as an example within the scope of this
study, a sectoral approach is adopted and timeframes for
the targets to be achieved are determined. Another feature
of the German M&E approach is that a separate M&E layer
has been created for horizontally cross-cutting issues and
sectors regarding adaptation. In this regard, it is seen that
adaptation activities especially in local governments are ad-
dressed and local climate action is also evaluated. In this
way, it is also possible to carry out M&E of adaptation ac-
tions detailed down to the building scale. In this approach,
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Table 3. Examples of indicators in the Tonga JNAP2 M&E System Guide [48]

Target area Process indicators Outcome indicators (proposed)  Impact indicators
Coasts Vulnerability baselines developed for Total length of sewer and Percentage of wastewater with
coastal sector drainage network at risk from safe treatment (SDG 6.3.1)
climate hazards
Buildings Developed a multi-hazard plan to Number and extent of building- Percentage of the population
prepare for, respond to, and recover from related vulnerability problems living in households with access
disasters affecting public and community perceived by disabled and to basic services (SDG 4.1)
infrastructure marginalized groups by gender
and age
Tourism Development of resilience indicators Water consumed by tourist Direct economic losses due
(process, outcome and impact) for tourism facilities to damage or destruction of
cultural heritage as a result of
disasters (Sendai)
Water Monitoring system for water, soil and Number of cases of water-borne Mortality due to unsafe water,
coastal erosion developed disasters sanitation, and hygiene
Community Development of standard resiliency Number of people below poverty ~ Percentage of people living
resilience guidelines for]l community engagement line living in flood-prone areas below the poverty lines, by

activities

gender and age (SDG 1.2.1)

Private sector

Developing a costed, gender and social
inclusion resilient facility for the private

Reduced work productivity due
to heat stress

Coverage of essential health
services (SDG 3.8.1)

sector

itis seen that the monitoring of disasters and emergencies is
included in the adaptation M&E system.

Tonga/Joint Climate Change and Disaster Risk
Management M&E System

In Tonga, an integrated approach to disaster risk manage-
ment and climate change is supported by the Joint National
Action Plan 2 on Climate Change and Disaster Risk Man-
agement 2018-2028 (JNAP2). An M&E system guide pub-
lished in 2019 prioritizes learning, accountability, and ad-
aptation management, and integrates local knowledge into
adaptation planning. The selection of indicators aligns with
Tonga's international reporting requirements, including
the Paris Agreement, and emphasizes policy monitoring,
implementation evaluation, and impact assessment across
management levels. The selection was informed by the UN
SDGs and the Sendai Framework for DRR, and Table 3
provides examples of indicators selected with stakeholder
input. The system designates specific focal points for data
entry, standardized entry procedures, and regular capacity
building to ensure its functionality [73, 74].

The M&E system established by Tonga is a good example
of tailoring adaptation actions and M&E systems to local
needs. This is because the selection of target areas takes into
account the sectors in the country and the issues that need to
be addressed in adaptation. However, as in other countries’
examples, a detailed sector analysis was not carried out. This
may be because, as a developing country, Tonga, like many
other developing countries, wants to focus scarce financial,
technical and human resources and capacity on priority ar-
eas. What is striking about Tonga's M&E approach is that all
of the adaptation target areas, especially the social resilience
layer, are addressed in an integrated manner with the disas-

ter issue mentioned above. In other words, adaptation mea-
sures are considered together with the co-benefits of DRR.
This approach is in line with the approach of UN agencies,
in particular the UNDRR ([75], to address adaptation and
DRR actions together in recent years, which is also reflected
in the linking of impact indicators to the Sendai Framework
for DRR and/or the UN SDGs.

Tiirkiye’s NCCASAP and Future Prospects for Adaptation
MeE

Tiirkiye's subtropical Mediterranean climate zone covers a
significant portion of its territory, making it highly suscep-
tible to the effects of climate change. As a result, the country
is exposed to medium to high climate risks both now and
in the future [76]. As one of the Parties to the Paris Agree-
ment, Tiirkiye currently lacks an active M&E/MEL system
specifically dedicated to tracking adaptation actions and
the NCCASAP. The relevant ministries in Tiirkiye have pre-
pared SAPs for various sectors related to climate change ad-
aptation. These sectors include water, agriculture, drought,
desertification, capacity building, air quality, waste man-
agement, pollutants, and energy. However, separate, and in-
dependent M&E systems have been established for each of
these sectors, rather than a unified system [77]. In this con-
text, relevant ministries are developing M&E tools specific
to their respective sectors, particularly in the project- and
investment-based areas related to the following topics [78]:

o Tracking technical progress: Monitoring intervention
logic and indicators-Performance evaluation and the-
matic monitoring

+ Physical monitoring, financial monitoring
 Risk management and monitoring

o Early warning systems
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However, there is still no system that evaluates environ-
mental parameters together with socio-economic parame-
ters in the context of climate change adaptation. Tiirkiye's
NCCASAP, prepared by the Ministry of Environment and
Urbanization (MoEU) for the period 2011-2023, mainly
covered the following thematic areas [79]:

Water resources management
Agriculture and food security
Ecosystem services, biological diversity, and forestry

Natural disaster risk management

A

Human health

NCCASAP has defined goals and objectives related to the
thematic areas, together with outputs and performance in-
dicators, responsible/coordinating bodies and relevant or-
ganizations (Table 4).

As can be seen from Table 4, many responsible institutions
and organizations here have become abolished and NC-
CASAP has expired as of 2023. It is not possible to provide
clear information about how many of the actions determined
within the scope of NCCASAP have been carried out, be-
cause a system regarding M&E of NCCASAP has not been
established. All these issues and the need to renew the scope
of NCCASAP within the framework of current adaptation
needs are also stated in the 8" National Communication of
Tiirkiye submitted to the UNFCCC Secretariat in 2023 [76].

Studies have commenced to revise the NCCASAP as part of
the Enhancing Adaptation Action in Tiirkiye Project. This
project is supported by UNDP, with the Ministry of Envi-
ronment, Urbanization, and Climate Change (MoEUCC)
as the beneficiary [80]. It was announced by the Climate
Change Presidency (CCP), a subsidiary of MoEUCC, that
NCCASAP (2024-2030) was completed in 2023 and was
submitted to the Climate Change and Adaptation Coordi-
nation Board for approval and accepted [81]. Strategic goals
and adaptation actions have been determined in line with
the results of vulnerability and risk analyses conducted for
11 sectors within the scope of the current NCCASAP docu-
ment. Their scope has been explained briefly as follows [82];

1. City (technological actions; Nature-based Solutions
(NBS); climate-sensitive urban planning),

2. Agriculture and food security (strengthening institu-
tional capacity for a climate-resilient, technology-ef-
ficient, water-efficient and competitive agricultural
sector; strengthening the legal framework; raising
awareness, protection and sustainable use of natural re-
sources in agricultural production),

3. Water resources management (basin-based water con-
servation studies; reuse of treated wastewater; access to
safe drinking water; increasing the efficiency of agricul-
tural irrigation; rainwater management),

4. Biodiversity and ecosystem services (increasing aware-
ness and capacity on NBS, Ecosystem-based Adaptation
issues, strengthening cooperation; reducing habitat
fragmentation and overuse pressures; increasing pro-

tected areas and ecosystem restoration; researching,
monitoring and assessment of climate change impacts
on biodiversity and ecosystem services),

5. Public health (monitoring of climate-related diseases;
strengthening capacity and cooperation in this area in
national and local organizations; development of a list
of climate-sensitive diseases; review of occupational
health and safety legislation),

6. Tourism and cultural heritage (climate-resilient infra-
structure in tourism investments and businesses; devel-
opment of social infrastructure; ensuring cooperation
between institutions by taking climate change adapta-
tion into account in decisions related to tourism and
cultural heritage),

7. Industry (conducting vulnerability and risk analyses for
the industrial sector; identifying natural technological
risks and facilities at risk of major industrial accidents;
evaluating investment projects together with their cli-
mate impacts),

8. Energy (improving the policy and administrative
framework, institutional capacity and cooperation for
adaptation of the sector to climate change; strengthen-
ing the production, transmission, distribution and stor-
age infrastructure);

9. Transport and communications (ensuring the resilience
of critical infrastructure; reducing vulnerability; im-
proving accessibility, communication, and evacuation
in case of emergencies),

10. Social development (integrating climate change impacts
on social life and actions into policies at all levels and
processes in all sectors),

11. DRR (strengthening the understanding and informa-
tion infrastructure on climate-related disaster risks;
adopting a transformative approach to risk manage-
ment; improving institutional capacity and awareness;
making sustainable investments).

It is seen that Tiirkiye has adopted an approach of making
detailed and comprehensive sectoral analysis on adapta-
tion, as in the EU approach. Although it is important that
Tiirkiye's updated NCCASAP has been prepared, what is
at least as important is the establishment of an M&E/MEL
system specific to NCCASAP. Because, as stated above; In
line with the decisions taken at UNFCCC COP28, coun-
tries party to the UNFCCC and the Paris Agreement are
required to develop national MEL systems for adaptation
by 2030. Within the scope of CCP's 2024-2028 Strategic
Plan [83], under the title "Goal 2: Increasing the capacity
to adapt to climate change at the national and local scale",
"H.2.3. "An online monitoring mechanism will be created
to monitor the actions of the National Climate Change Ad-
aptation Strategy and Action Plan (2024-2030) and the ac-
tions will be monitored.” target is included.

The MEL systems can be used in the Biennial Transparency
Reports to be submitted to the UNFCCC Secretariat and
in the presentations on adaptation actions, and will bring



28 Environ Res Tec, Vol. 8, Issue. 1, pp. 17-34, March 2025

Table 4. Examples of sectoral objectives, targets, outputs, and performance indicators included in Tiirkiye’s NCCASAP [79]

Actions Period Outputs and Responsible/coordinating  Relevant organizations
performance indicators organization

I. Water Resource Management
Purpose US1. Integrate adaptation to climate change impacts into water resources management policies.
Objective US1.1. Ensure adaptation to climate change is integrated into existing policies, plans and legislation.

USI1.1.7. Orientation of 2011-2014  Improvement of local General directorate of Ministry of food, agriculture
water user organizations capacity state hydraulic works and livestock (mfal), special
by relevant institutions (SHW) provincial administration,
within the framework local Authorities, water user
of irrigation businesses organizations, NGO’s

taking into account the
impacts of climate change

II. Agriculture Sector and Food Security
Purpose UT4. Protect soil and agricultural biodiversity from the impacts of climate change
Objective UT4.1. Protect the physical, chemical and biological capacity of soils against the impacts of climate change

UT4.1.3. Implementation ~ 2012-and  Model practices MFAL
of advanced onwards

harvesting systems,

and development of

agricultural forestr

III. Ecosystem services, biodiversity and forests
Purpose UOL. Integrate climate change adaptation into ecosystem services, biodiversity and forestry policies
Objective UO1.1. Review existing policies for adaptation to climate change impacts

UO1.1.3. Integrating and 2011-2015  Plans for protected areas Ministry of forestry and
spreading adaptation including adaptation water works (MFWW)
to climate change into to climate change

the existing planning

for selected/priority

protected areas

IV. Natural Disaster Risk Management
Purpose UAL. Identify threats and risks for managing natural disasters caused by climate change.
Objective UA1.1. Identify risks of natural disasters caused by climate change, such as floods, overflows, avalanches, landslides, etc.

UAL1.1.2. Prepare 2011-2015  Relevant plans and MFWW, Disaster and SHW
implementation and guidelines emergency management

audit guidance related presidency

to flood and landslide

risk reduction and
management plans.

V. Public Health
Purpose UIS1. Identify existing and future impacts and risks of climate change on public health.
Objective UIS1.1. Research on the impact of extreme weather events on public health

UIS1.1.1. M&E the 2011-2020  Impact assessment Ministry of health Governorships
current and future reports and monitoring
impacts of extreme systems

weather events such as

heat waves, hurricanes,
floods and droughts on
public health based on

climate projections.

VI. Cross-cutting issues in adaptation

OBJECTIVE UYKI. Ensure cross-cutting adaptation to climate change

Objective UYK1.3. Organize training, awareness-raising and information activities to develop the capacity to combat and adapt to
climate change.

UYK1.3.2 Ensure 2011-2014  Programs Ministry of environment Climate change
participation in the and urbanization coordination board,
process of adaptation universities

to climate change and
prepare programs to raise
awareness of the public.
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important gains that will enable Tiirkiye to understand
and improve the realization and success of its adaptation
actions. In addition, the information obtained from this ad-
aptation MEL system will also contribute to the future jus-
tification of Tiirkiye's [84] request to benefit from the Loss
and Damage Fund established at COP28.

Data is one of the main problems in Tiirkiye, as in many
other countries. In order to determine adaptation needs
and measures and to monitor and evaluate them, adequate,
reliable and appropriate data in climatic and socio-econom-
ic fields should be kept by institutions and these data should
be accessible. It is essential to develop policies on this issue
and ensure the continuity of the process.

In assessing climate-induced disaster risks, providing suffi-
cient financial resources to conduct impact and vulnerabil-
ity analyses based on adequate and up-to-date climatic and
socio-economic data is another essential issue for adapta-
tion activities in Tiirkiye. While Tiirkiye, as a developing
country, is already vulnerable to other disaster areas such
as seismicity, its vulnerability to climatic disasters makes
it necessary to develop policies that utilize resources effec-
tively while allocating the country's financial resources to
disaster-related issues. The most important way to achieve
this is to shift from crisis management to risk management.
A more effective strategy would be to invest in adaptation
measures through proactive identification of potential loss-
es and damages. This approach allows for informed deci-
sion-making and policy formulation that considers not
only the financial implications of disasters but also their
social and cultural impacts. This yields positive outcomes
for development and national security.

In addition, determining the adaptation actions to be devel-
oped, using resources effectively in adaptation-related prac-
tices, investing in innovative technologies and supporting
R&D studies in this context are very important for increas-
ing the effectiveness of M&E systems. Ensuring regular
capacity development of stakeholders who will be entering
data is another critical strategy to ensure the sustainability
and effectiveness of the adaptation M&E system. Even if ap-
propriate and sufficient adaptation measures are identified
and implemented, their correct data entry into the M&E
system will directly affect the success of the process.

Adopting a multi-stakeholder approach in conducting stud-
ies on the above 11 sectors in the NCCASAP M&E system to
be established is essential for the sustainability of the process
and the accuracy of the results to be obtained. In this con-
text, Tirkiye should receive support and establish coopera-
tion from EU countries with a similar approach to adapta-
tion, as well as from the UNFCCC Adaptation Committee,
which has been working on adaptation M&E for a long time.
The lessons learned are important for the operation of the
adaptation M&E system and benefiting from the experienc-
es of other countries in this context can save time for Tiirki-
ye, which is a country vulnerable to climate impacts.

Furthermore, concerning DRR, which is discussed under a
separate title in Tiirkiye's NCCASADP, it is very important to
adopt an integrated approach within the framework of the ad-

aptation M&E system to be established and to identify indica-
tors related to disaster resilience in other adaptation sectors.

Considering the magnitude of losses and damages current-
ly caused and projected to be caused by climate-related ex-
treme weather events and disasters in Tiirkiye, the results
obtained from the adaptation M&E system will also be able
to provide the necessary information for the establishment
of a national insurance system for losses and damages due
to climate change.

CONCLUSIONS

Today, the magnitude of the adverse effects of climate
change highlights the need for well-planned adaptation
measures. This is also a fundamental aspect of the inter-
national climate change negotiations under the UNFCCC
to realize the goals of the GGA as defined under the Paris
Agreement, the Convention's implementing instrument. To
ensure the success of current and future adaptation efforts,
adaptation actions must be accurately identified and de-
veloped through regular review processes. To achieve this,
M&E systems for adaptation actions within the UN adap-
tation cycle are of great importance. Lessons learned from
the M&E step not only provide feedback on the adaptation
process, but also enable the identification of areas or actions
that are failing or working well in the process. In this way,
it will be possible to increase the resilience of settlements
and infrastructure of all types and levels, prevent disasters,
and create opportunities for learning and development in
various economic, social, and environmental fields.

The assessment of the research questions at the beginning
of the study showed that it is critical to identify climate risks
and adaptation needs before M&E of adaptation actions.
In this way, the adaptation actions and related indicators
for which M&E will be conducted can be accurately deter-
mined. This requires good quality and reliable climate and
socio-economic data at each stage of the adaptation process.

The nature of climate change poses challenges for M&E in
terms of adaptation actions, particularly as the quality of
data needed for adaptation processes is limited, incomplete,
or unavailable. Innovation in scaling down global data for
local use and ensuring that these new technologies are ac-
cessible to all countries is crucial both for countries' NAP
preparations and for M&E of identified adaptation actions.
Although uncertainties may be difficult to eliminate, efforts
should focus on developing adaptation actions based on the
best available scientific data and on effectively managing
uncertainties.

Inadequate M&E during the identification, planning, and
implementation of adaptation actions prevents learning
from the results of these phases. The provisions of the Par-
is Agreement, which aim to improve human capacity and
achieve the adaptation cycle, call for a GST every five years
starting in 2023. At UNFCCC COP28, the first GST, it was
decided that all Parties would establish M&E/MEL systems
for national adaptation actions by 2030.
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Looking at the adaptation M&E systems and methodolo-
gies discussed in the study, it is seen that country priorities,
level of development, and local conditions for adaptation to
climate change affect the sectors covered by adaptation pol-
icies, strategies, and indicators in adaptation M&E systems.
While developed countries emphasize indicator sets and
detailed sector assessments that emphasize governance and
infrastructure, developing countries focus on sectors that
are prioritized due to scarce resources. In developing coun-
tries, there is also a clearer tendency to combine adaptation
actions with DRR actions. However, regardless of the level
of development, it is also observed that the adaptation M&E
methodologies developed generally focus on the objectives
of reducing vulnerability, increasing resilience, developing
emergency action plans, and ensuring the effective use and
sustainable management of financial and natural resources.

Adaptation M&E systems, once established, require con-
tinuous improvement. Lessons learned from the successes
and shortcomings of adaptation efforts and changing cli-
mate conditions, should be used to improve these systems.
In this context, the main priorities of M&E/MEL systems
in the coming period should be to protect the health of in-
dividuals and all ecosystems and to protect and ensure the
sustainability and development of all natural and man-
made resources.

In Tirkiye, one of the Parties to the Paris Agreement,
there is no active M&E/MEL system to monitor adapta-
tion actions or NAP. The 8" NC emphasized that efforts
to establish such a system are continuing. However, floods
and storms that occur especially in cities in Tiirkiye as a
result of extreme weather events due to climate change
cause significant loss of life and property, and adaptation
measures need to be determined according to new cli-
mate norms, and M&E should be carried out especially
considering these issues. Not only floods and storms, but
also problems such as temperature increases and droughts
show the urgency of M&E of adaptation measures in the
context of water and food security.

As previously stated, in accordance with the COP28 deci-
sion, it is necessary to identify adaptation measures by 2030
and develop an M&E system for these measures. This sys-
tem will help to understand the adequacy and effectiveness
of adaptation measures in Tiirkiye, a developing country
that is highly vulnerable to climate impacts. It will also fa-
cilitate the improvement of adaptation efforts, and also sup-
port accurate and consistent reporting of adaptation studies
to the Secretariat and the contribution of the results of na-
tional efforts to global efforts.

In the context of Tiirkiye's NCCASAP framework, it is of
the utmost importance to not only define policies and mea-
sures and establish an M&E system, but also to develop the
institutional capacity to ensure the continuity of this sys-
tem. In this regard, Tiirkiye should cooperate with other
countries and the UNFCCC Secretariat.

Consequently, it can be said that adaptation M&E systems
represent one of the most pivotal instruments for facilitat-

ing the transition from crisis management to risk manage-
ment in the context of the adverse effects of climate change.
Carrying out this last and crucial step of the UN adaptation
cycle through established systems in all countries, includ-
ing Tiirkiye, and ensuring the integration of M&E systems
established by countries will help to understand the ade-
quacy and success of global adaptation efforts, as well as it
will make a significant contribution to achieving the goals
of the UN SDGs, the Sendai Framework for DRR, and the
Paris Agreement’s GGA.
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In this study, the treatment of landfill leachate (LFL) and domestic wastewater using an aerobic
moving bed biofilm reactor (AeMBBR) was investigated. AeMBBR was filled with 30% (v:v) bio-
carrier material (Kaldnes K1). The tested volumetric ratio of landfill leachate was 10%. The impact
of varying hydraulic retention times (HRTs) (24-12-6 h) at a constant dissolved oxygen (DO) of
3.2 mg/L was investigated for system optimization. AeMBBR was successfully operated (HRT: 6h)
for LFL and domestic wastewater treatment corresponding to 94%, and 78% ammonium nitro-
gen (NH4-N) and total organic carbon (TOC) removals, respectively. Additionally, Proteobacteria
(66%) have been identified as the predominant culture in the biofilm layer, which plays a signifi-
cant role in the co-treatment of domestic wastewater and LFL. Considering the results obtained; it
was found that a significant amount of ammonium nitrogen was successfully removed.

Cite this article as: Kozak M, Cirik K. Combined treatment of domestic wastewater with land-
fill leachate using aerobic moving bed bioreactor (AeMBBR). Environ Res Tec 2025;8(1)35-43.

INTRODUCTION

Landfill leachate is the result of the percolation of water
through waste deposits that have been subject to aerobic and
anaerobic microbial decomposition [1-4]. Landfill leachate
typically contains high levels of COD, heavy metals, ammo-
nia—nitrogen, and inorganic salts [5-7]. The characteristics of
this wastewater vary depending on factors such as the compo-
sition of the solid waste, landfill operation, hydrology, and cli-
mate. High ammonium nitrogen (NH,*-N) concentrations in
LFL cause serious environmental problems such as eutrophi-
cation and ammonium toxicity, which inhibit photosynthesis
via free ammonia (FA) under alkaline conditions (pH>8.0) (8,
9]. Therefore, NH,*-N must be removed from the LFL.

Co-treating landfill leachate with domestic wastewater can
be a cost-effective solution that promotes the degradation
of organic pollutants through dilution [10]. This treatment

*Corresponding author.
*E-mail address: melikekzk91@ gmail.com

option has the added advantage of being able to utilize ex-
isting wastewater treatment plants, eliminating the need
for new investments. Various physicochemical [11, 12] and
biological treatment [13] methods are available to remove
NH,-N from LFL and domestic wastewater. Biological
treatment methods have important advantages compared
to physicochemical methods, such as being cost-effective,
having low sludge production capacity, and being environ-
mentally friendly [14, 15]. The treatment of domestic sew-
age wastewater mixed with landfill leachate poses a major
challenge due to the high concentration of ammonium in
the leachate, which requires effective biological nitrogen re-
moval. Activated sludge [16], anammox [17], and nitrifica-
tion-denitrification [18] processes are among the biological
technologies that have been extensively used for LFL and
domestic wastewater treatment. The nitrification process is
a good option for achieving complete NH, *-N removal [19].

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Table 1. Previous studies in different reactors

Reactor type Wastewater Reactor Temperature HRT  Volumetric Removal Ref
volume (°C) (day) ratio (%) efficiency
9 (%)
MBBR-MBR (Moving bed Leachate 5 32-25 48 - COD: 74.2 [22]
biofilm reactor and aerobic NH,*-N:99.7
membrane reactor)
MBHBR (Moving bed hybrid Domestic sewage and 7.9 25 6 4 COD:77-80  [23]
bioreactor) leachate
SAFF (Submerged aerobic fixed =~ Domestic sewage and 24 8 COD:
film) leachate [24]
SBR (Sequencing batch reactors) Domestic wastewater 2 25 0.43 5 COD: 73 [25]
and leachate 1-10
Active sludge Leachate 2 22 - 5-20 COD: 16-88  [13]
Active sludge Domestic wastewater 6.1 - 5-25 - [26]

and leachate

HRT: Hydraulic retention times; Ref: References.

Many studies have focused on new treatment technologies
for the co-treatment of LFL with domestic wastewater. The
Moving Bed Biofilm Reactor (MBBR) is a rapidly develop-
ing technology for the treatment of wastewater [20]. MBBR
is a biological treatment process based on conventional
activated sludge and biofilter processes. The biomass pres-
ent in the MBBR exists in two distinct structural forms: a
suspended solid phase and a biofilm that is attached to the
carrier. MBBR is more effective for nitrification than con-
ventional activated sludge (CAS) systems due to the lower
density and size of the CAS floc [21]. Table 1 shows previ-
ous studies using different reactors.

This study examines the nitrification process in an MBBR used
for the simultaneous treatment of domestic wastewater and
landfill leachate. The main research questions are as follows:

o What is the nitrification efficiency of the MBBR under
different operating conditions?

Table 2. Properties of domestic wastewater and LFL

«  What factors can affect the nitrification efficiency of the
MBBR?

o  Which microbial communities are most prevalent in
wastewater treatment?

MATERIALS AND METHODS

Characteristics of Domestic Wastewater and LFL

The LFL utilized in the AeMBBR studies was sourced from
the Kahramanmaras landfill in Tiirkiye. Domestic waste-
water was collected from a treatment plant in Kahraman-
maras, Tiirkiye, and stored in a refrigerator at a temperature
of +4°C to prevent microbial growth, following standard
methods. The properties of the real wastewater used in this
study are listed in Table 2. The aerobic reactor was inoculat-
ed with sludge from the activated sludge tank of the Kahra-
manmaras Domestic Wastewater Treatment Plant.

Parameters Domestic Landfill leachate Parameters Domestic Landfill leachate
wastewater (mg/L) wastewater (mg/L)
COD (mg/L) 645+100 700014000 TSS (mg/L) - 1190+100
TOC (mg/L) 15010 4000-11000 Sulfate (mg/L) - 100+10
NH,-N (mg/L) 40+10 1700-3600 Copper (mg/L) - 2.572+0.6
NO, (mg/L) 330+10 Zinc (mg/L) - 0.029+0.01
NO,-N (mg/L) 9+2 2-50 Iron (mg/L) - 2.575+0.5
Phosphorus (mg/L) 80420 Cadmium (mg/L) B 0.001
Sulfide (mg/L) N 10010 Total chromium (mg/L) - 0.255%0.05
N (mg/L) i 1800100 Lead (mg/L) - 0.00025
BOD (mg/L) 327+100 1200+300
pH 2580 75.82 Mangan (mg/L) - 0.1+0.05
Color (Pt-Co) 100420 6380-9200 Nickel (mg/L) - 0.625+0.1
Color (RES) Phenol (rng/L) - 2042
436 220+20 Calcium (Ca®") - 150+10
525 90+10 Free Chlorine (mg/L) - 0.6+0.1
620 5545 VSS (mg/L) - 850420
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Aerobic Moving Bed Bioreactor (AeMBBR) Operation
The schematic diagram of the AeMBBR used in this study is
shown in Figure 1. The continuous flow AeMBBR consisted
of a 5L tank with an effective working volume of 3L. In the
AeMBBR, polyethylene Kaldnes K1 was used as a bio-carri-
er to retain the biomass. The Kaldnes K1 has a specific sur-
face area of nearly 500 m*/m?® and a density of 0.95 g/cm’.
To account for the reactor volume and potential biofilm
growth on the support material, the fill rate of the Kaldnes
K1 supplement was chosen as 30%.

Landfill leachate was added to the domestic wastewater at a
rate of 10% by volume. The reactor was operated continuous-
ly at a DO concentration of 3.2 mg/L. The initial concentra-
tion of mixed liquid-suspended solids (MLSS) in the AeM-
BBR was adjusted to approximately 4000 mg/L. Sludge was
not withdrawn from the reactor which infers that theoretical
SRT was infinity (HRT 24 and 12 h). However, at 6 h HRT,
the sludge was maintained at an SRT of 15-20 days and with
MLSS of 3500-4400 mg/L. The contents of the reactor were
stirred at 250 rpm, and the operating temperature was main-
tained at room temperature. The DO, temperature, and pH of
the reactor were measured with external probes and recorded
daily. The pH of the AeMBBR was maintained at 7-7.5, with
the use of H,SO, and NaOH to correct the pH. The operating
conditions of the AeMBBR are listed in Table 3.

The performance of AeMBBR was utilized under different
HRTs. Initially, the HRT and dissolved oxygen (DO) con-
centrations in AeMBBR were maintained at 24 hours and
3.2 mg/L, respectively. Then, the HRT was reduced to 12
hours. Finally, the HRT was further reduced to 6 hours.

Analysis

Suspended solids in the mixed liquor (MLSS) were measured
using standard methods [27]. A DO meter (YSI5000, YSI
Company, USA) was used to measure dissolved oxygen (DO),
and the pH value was measured with a pH meter (Thermo,
Orion 4 Star, Indonesia). Each sample was centrifuged at
4000 rpm for 5 minutes (Eppendorf Centrifuge 5415R, Ham-
burg, Germany) and then filtered through a 0.45 pm pore
size syringe filter (Sartorius AG, Gottingen, Germany) before
analysis. The COD measurements were conducted using the
dichromate-closed reflux Colorimetric Method as defined
by Standard Methods (5220 D). The TOC-TN analyzer (Shi-
madzu TOC-VCPN/TNM-1, Kyoto, Japan) was used to an-
alyze total dissolved organic carbon (TOC) and total carbon
(TC). IonPac AS19-CS19 analytical and ion chromatography
(Dionex ICS-3000, Sunnyvale, CA, USA) were used to deter-
mine ammonium (NH,"), nitrite (NO,), and nitrate (NO,)

Table 3. AeMBBR operational conditions
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Figure 1. Experimental set-up of the AeMBBR.

concentrations with IonPac AG19 guard columns. The elu-
ent was prepared by dissolving 9 mM sodium carbonate (Na-
,CO,) and 20 mM methane sulfonic acid in water, and then
pumping the solution at a flow rate of 1 mL/min. To measure
the mass of the biofilms, the three carriers were dried at 105°C
for 2 hours and weighed. Subsequently, the dried carriers
were combined with a 0.1 mol/L hydrochloric acid solution
for 24 hours at a temperature of 80°C. Following this, the mix-
ture was subjected to ultrasonic treatment for one hour. They
were then washed several times with distilled water until all
biofilm was removed from the carrier. The carrier sample was
subjected to a second drying process and then weighed. The
biofilm mass was calculated according to Piculell et al. [28].

Illumina MiSeq Sequencing Analysis

The Illumina MiSeq method was used to analyze bacteria on
the contaminated Kalnes K1 surface (biofilm) and mixed li-
quor sample (supernatant). DNA was extracted from bacterial
samples collected at 24 hours HRT in AeMBBR using the EurX
Gene MATRIX Tissue & Bacterial DNA Purification Kit, ac-
cording to the manufacturer's protocols. This sample was tak-
en under the highest contamination operating conditions. The
V3 and V4 domains of the bacterial 165 rRNA gene fragments
were amplified using the forward primer 5 TCG TCGGCAGC-
GTCAGATGTGTATAAGAGACAGCCTACGGGN GGCW-
GCAG and reverse primer 5GTCTCGTGGGTCCGGAGAT-
GTGTATAAAGAGACAGAGGACTAC HVGGTATCTAATC,
along with 12.5 pL of the reverse primer and 12.5 pL of 2X OFF
Hot Start PCR mix. The temperature cycling conditions were as
follows: initial denaturation at 95°C for 3 minutes, followed by
25 cycles at 95°C for 30 seconds, 55°C for 30 seconds, and 72°C
for 30 seconds, with a final step at 72°C for 5 minutes.

Reactor Days HRT (h) Dissolved oxygen concentration (DO) (mg/L) Kaldnes K1 (%) LFL: DW (%)
0-34 24
AeMBBR 34-70 12 3.2 30 10
70-107 6

HRT: Hydraulic retention times; AeMBBR: Aerobic moving bed bioreactor; LFL: Landfill leachate.
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RESULTS AND DISCUSSION

The Performance of the Aerobic Moving Bed Bioreactor
(AeMBBR)
The variation of biofilm density and MLSS concentration

during the study is shown in Figure 2. The MLSS con-
centration was kept stable at between 3500-4500 mg/L
in AeMBBR during the whole operation. Initially, during
the 24 h of HRT, the density of the biofilm in Kaldnes K1
remained constant at an average of 1000+100 mg/L for
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Figure 2. Evolution of MLSS concentration and biofilm densi-
ty in the AeMBBR system. Figure 3. The COD removal performance of AeMBBR.
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Figure 4. TOC (a) and TC (b) removal performance of AeMBBR.
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Figure 5. Performance of AeMBBR for NH4-N removal (a) and NO,-N and NO,-N accumulation (b).

the first 12 days. After this day, the biofilm layer grad-
ually increased. When HRT was reduced from 24 h to
12 h (days 34-70), a linear increase in biofilm density
was observed. The average biofilm density at 12 h of HRT
was 1542 mg/L. As seen in Figure 2, an increase in bio-
film density was observed as HRT decreased. At 6 h of
HRT, the average biofilm density increased to 3000 mg/L.
Kozak et al. [29] observed that the biofilm-forming rate
at 6 h was faster than that of 24 h and 12 h.

The effects of different HRTs on COD removal from
combined LFL and domestic wastewater in the AeMBBR
study are illustrated in Figure 3. The initial COD con-
centration varies between 350 and 800 mg/L depending
on the characteristics of the landfill leachate. During the
first 34 days of the study, the AeMBBR achieved a COD
removal efficiency of 40%, resulting in an effluent COD
concentration of 388 mg/L at 24 h. When HRT was re-
duced to 12 h (days 34-70), the COD removal efficiency
was an average of 21%. Duyar et al. [22] reported that low
HRT can negatively affect COD removal efliciency due
to high loading rates and toxicity. Similarly, during days
70-107, reducing HRT from 12 h to 6 h resulted in de-
creased COD removal efficiency, corresponding to a 12%
removal efficiency. It was difficult to compare our results

with studies on COD removal efficiency in AeMBBR due
to the highly challenging and variable concentrations of
landfill leachate. Cegen and Cakiroglu [13] operated an
activated sludge reactor for combined leachate and do-
mestic wastewater treatment and achieved about 56%
COD removal. Ferraz et al. [30] investigated the treat-
ment of combined LFL and domestic wastewater using a
submerged aerobic biofilter (SAB) system and achieved
about 80% COD removal at 24 h HRT.

Figure 4 shows TOC and TC removal performance in
the AeMBBR. Between days 0-34, average TOC and TC
removal efficiency in AeMBBR were 68% and 71%, re-
spectively, at 24 h HRT. When HRT was decreased to
12 h (days 34-70), the average TOC and TC removal
efficiency was 40% and 61%, respectively. During days
70-107, the decreasing HRT from 12 h to 6 h resulted in
decreasing TOC and TC removal efficiency, correspond-
ing to 39% and 46% removal efficiency. According to
Kozak et al. [29], this was probably due to the excessive
biofilm production leading to mass transfer limitations.

The effect of HRT on ammonium nitrogen removal effi-
ciency is shown in Figure 5a. During days 0 to 34, the av-
erage NH,"-N removal efficiency in the AeMBBR reactor
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Figure 6. Krona chart of the microbial population in the supernatant (a) and biofilm (b) in AeMBBR with phylogenetic levels
kingdom, phylum, class, order, family, and genus.
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was 93%, corresponding to an effluent NH,*-N concen-
tration of 23 mg/L at 24 h HRT. Chakraborty et al. [31],
investigated the treatment of combined LFL and domes-
tic wastewater using a sequenced batch reactor (SBR)
system and achieved approximately 35% ammonium ni-
trogen removal at 2.5 days of HRT. NH,*-N removal effi-
ciency decreased to 71% when HRT was reduced from 12
h to 6 h. Similarly, at 6 h HRT, reactor NH,*-N removal
efficiency decreased significantly (47%). Nogueira et al.
[32] reported that low HRT leads to increased loading
rates, which negatively affects nitrifies as they compete
with heterotrophic bacteria for substrates. Li et al. [33]
reported that nitrification efficiency increased by 41% by
reducing HRT from 10 h to 5 h, and the decrease in HRT
increased ammonia oxidation activity.

As can be seen in Figure 5b, the accumulation of NO,-N
in the first 7 days was significantly high, but after this day,
NO,-N was not observed in the effluent and the NO,-N
accumulation was 152 mg/L NO,-N. This was an indi-
cation that nitrification was taking place in the reactor.
Similarly, no accumulation of NO,-N was observed at 12
hours of HRT, and the accumulation of NO,-N gradually
increased, corresponding to 202 mg/L of NO,-N. With
the reduction of HRT to 6 hours, the NO,-N accumula-
tion decreased to 37 mg/L NO,-N and the NO,-N efflu-
ent concentration to 82 mg/L.

Microbial Community Structures

Microbial community analysis was examined using 16S
rRNA gene amplicon sequencing for supernatant and
biofilm samples collected from AeMBBR at 24 h HRT
(Optimum condition). In AeMBBR, Proteobacteria pre-
dominated in the phylum group. As shown in Figures 6a
and 6b, Proteobacteria were detected in 52% and 66% of
the supernatant and biofilm, respectively. Many studies
have shown that Proteobacteria always predominate in
industrial wastewater treatment plants [34, 35]. In addi-
tion, the main bacterial group, Proteobacteria, includes
facultative and aerobic bacteria that can remove nitrogen
and organic matter [22, 36]. Actinobacteria (26%), Bacte-
roidetes (10%), Firmicutes (7%) and Planctomycetes (2%)
are other phyla groups in the supernatant, while Ver-
rucomicrobia (19%), Actinobacteria (5%), Bacteroidetes
(5%), Acidobacteria (2%) were other groups of phyla in
the biofilm. Matar et al. [37] reported that the Actinobac-
teria phylum is abundant in activated sludge. In addition,
Bacteroidetes are commonly found in nitrogen removal
systems [38, 39]. Alphaproteobacteria was dominant at
the class level in the supernatant and biofilm which was
39% and 43%, respectively. Actinobacteria (19%), Bacte-
roidia (9%), Gammaproteobacteria (9%), Acidimicrobiia
(7%), Clostridia (5%), Betaproteobacteria (4%), Plancto-
mycetia (2%) were other class levels in the supernatant.
Similarly, Verrucomicrobiae (19%), Betaproteobacteria
(17%), Gammaproteobacteria (6%), Acidimicrobiia (4%),
Chitinophagia (4%), and Blastocatellia (4%) were another
class level in the biofilm.

CONCLUSION

In this study, the nitrification process was successfully carried
out in the landfill leachate and domestic wastewater treatment
using AeMBBR. Our findings revealed NH -N removal around
94% in 24h HRT. Microbial community structures showed
that Proteobacteria were the dominant culture responsible
for removing N and C in AeMBBR. This study showed that
the co-treatment system could provide a desirable option for
removing NH -N from wastewater. However, it was also de-
termined that an additional denitrification system should be
implemented to effectively remove the nitrate that was formed.
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INTRODUCTION

ABSTRACT

This study delves into a comparative analysis of electric vehicles (EVs) and diesel vehicles
(DVs) across emissions, design, technology, and fuel consumption. One of the aims is to reveal
the relationship between changes in form-based mass of the designed part, material selection
influenced by production technologies, and the resulting production emissions and mass-
based fuel consumption. The research aims to elucidate the environmental impact of EVs
and DV, particularly focusing on emissions stemming from raw materials of the production.
Methodologically, the study employs theoretical analysis alongside practical assessments using
Autodesk Fusion 360 and CCaLC2 software for mass determination and emissions calculation,
respectively. Through an examination of key parameters such as vehicle design, material us-
age, and powertrain systems, the study sheds light on the nuances of emissions generated by
each vehicle type's parts. The research contextualizes the growing importance of sustainable
transportation solutions in the face of escalating environmental concerns, emphasizing the
need for rigorous evaluation of alternative fuel vehicles. By comprehensively analyzing data
on emissions, design, and fuel consumption, the study provides insights into the complexities
of sustainability in the automotive industry. The findings underscore the critical role of indus-
trial design in emissions reduction and offer recommendations for stakeholders to prioritize
sustainability in vehicle production and consumption practices. Also, mentioning important
notes for green consumers who are buying products according to environmental effects. The
study contributes to advancing understanding in the field of sustainable transportation and
underscores the importance of methodological rigor in evaluating environmental impacts.
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Product emission comparison between diesel and battery electric vehicles. Environ Res Tec
2025;8(1)44-56.

tion growth momentum. This growth in both supply and
demand in production has also triggered resource use and

In today's world, the transition to alternative fuel vehicles
has accelerated due to the emissions created by fossil fuels.
As it is known, production accelerated after the industrial
revolution, and this acceleration increased the supply and
demand [1]. The increase in supply also impacted popula-
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emission problems. Today, the transportation and auto-
motive sectors exemplify this supply and demand relation-
ship. In parallel with the increasing population, vehicle
demands are also increasing [2]. Consequently, emissions
from vehicle fuels have become a significant issue. Alter-
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native fuel vehicle technologies were developed through
research and development (R&D) to reduce emissions
from fossil fuel vehicles. The most effective solutions to-
day include hybrid, fully electric, and hydrogen-powered
engines. Alternative fuel vehicles, called hybrids, contain
electric propulsion systems along with fossil fuel. Thanks
to this mixed resource use of the vehicle, fossil fuel usage
is reduced. In fully electric vehicles, there are differences
depending on the battery solutions [3]. As the name sug-
gests, electric vehicles provide movement using electrical
power. However, the battery technologies used in this
technology have serious effects on the range and usage of
the vehicle. Another technology is engines powered by hy-
drogen. These engines are still being developed to be more
efficient [4]. Hydrogen engine vehicles use the energy pro-
duced by the combustion of hydrogen gas [5]. Extensive
studies are being carried out on the release of oxygen to
nature as a result of burning hydrogen due to its structure.
R&D studies continue in this field within the scope of en-
gine cost and commercial profit margin.

Apart from hybrid, electric vehicles that run entirely on al-
ternative fuel sources are divided into battery electric vehi-
cles and plug-in electric vehicles. Battery electric vehicles
are considered to be very efficient in reducing emissions [6].
It is explained that environmentally friendly transportation
can be achieved if the energy stored in the battery is used
to reduce greenhouse gas emissions and the energy drawn
from the lines to the battery is produced from renewable
energy systems such as solar panels and wind turbines. In
addition, the two biggest problems of battery electric vehi-
cles are the product life cycle (lifespan of the vehicle) and
the limited range of the batteries [7]. There are differences
in terms of energy density between the technology used in
the batteries of battery electric vehicles and the products
made of different minerals. According to these differences;
Lithium-ion battery is most suitable for use in vehicles, but
rapid aging and decreased durability occur in fast charging
situations. The use of LTO (Li,Ti,0,,) and LFP (LiFePO,)
cells within the scope of fast charging for high battery vol-
umes is also common. In lithium-ion battery technologies,
the battery type with the highest energy density compared
to other lithium batteries is lithium nickel manganese co-
balt oxide (NMC) [8]. Plug-in hybrid vehicles use a plug-in
mechanism to charge their batteries, distinguishing them
from conventional plug-in electric vehicles, which do not
have a fossil fuel engine. It contains low-capacity batteries
and uses electricity and fossil fuel effectively during long-
term journeys, thanks to its systems that use fossil fuels [7].
Due to the reduction in fossil fuel consumption on long
journeys and the efficiency of electricity in short-distance
working situations, it is ensured that it operates with an op-
timum combined consumption.

In addition to optimum greenhouse gas emission and con-
sumption studies provided commercially, one of the most
important issues of today is sustainability, and achieving
sustainability targets in both production and consumption
have become a common goal for all stakeholders in society.

The United Nations recognized that the world's resources
are not unlimited and brought up the issues of sustainable
production and consumption in 1972. In the meetings
held in Rio de Janeiro in 1992, unsustainable production
and consumption models were shown as the most im-
portant reason for the constant deterioration of the glob-
al environment. The definition of sustainable production
and consumption was made at the meeting held in Oslo
in 1994, and in 2015, a common decision was reached by
the countries on the "2030 Agenda for Sustainable Devel-
opment and 17 Sustainable Development Goals" in order
to transform the world for the better [9-11]. According
to Zuo et al. [12] in their study, likens sustainability to a
structure consisting of three pillars: the environment,
economy and society, and states that these three pillars
must be balanced in order for sustainability to be built
more solidly. However, it appears that these three dimen-
sions are not treated equally in ensuring sustainable devel-
opment. It seems that most of the sustainable efforts, es-
pecially in transformation processes, are directed towards
issues related to environmental sustainability, such as en-
ergy efficiency, carbon emissions, resource consumption,
ecology and waste management [12].

Giinaslan et al. [13], in their study evaluating the life cy-
cle of electric vehicles, state that the main factors causing
greenhouse gas emissions emerge during the production
process of these vehicles. They suggest that different tech-
nological developments are needed to improve the current
situation. In another study investigating the relationship
between circular economy and company performance, it
was found that the circular economy has a significant and
positive relationship with company performance. When the
circular economy components are examined separately on
a business basis, it is stated that businesses are turning to
the production of sustainable products by taking measures
such as reducing consumption or saving resources [14].
With the acceleration of studies in this direction after the
sustainability criteria published by the European Union,
green purchasing behavior has developed and attracted the
attention of both academic and business circles. In order to
encourage the adoption of green products, it has become
important to identify moderators that can increase the con-
sistency between attitude and behavior in the consumption
of green products [15].

Setting aside any inherent contradictions in the concept,
green consumerism is described as an accessible way for
a significant portion of the Western industrial population
to engage in pro-environmental and sustainable behavior.
This includes purchasing energy star-labeled appliances,
buying organic produce, conserving energy by turning
off electrical appliances when not in use, and shortening
shower times [16]. Green consumerism, defined as an ac-
cessible way to engage in pro-environmental and sustain-
able behavior for a significant part of the Western industri-
al population [16], and green products, defined as products
produced in accordance with environmentally friendly
and environmental sustainability [17], are now awareness
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Figure 1. Scope 1, 2 and 3 emissions of vehicle manufacturers given in Raykar's thesis [19].

of consumers. Products that claim to be green or environ-
mentally friendly are being researched more carefully by
consumers before purchasing. Questions such as whether
battery electric vehicles, which have become widespread
because they are said to be economical and environmen-
tally friendly, are really environmentally friendly or just re-
duce emissions caused by fuel consumption, are becoming
more important day by day.

Regarding the reporting of emissions implemented by the
European Union and how the reporting in vehicle produc-
tion is done, the European Union examines emissions in
three categories: scope 1, 2 and 3. In order to determine
the positions of the parameters under the scopes in the cal-
culations made; It refers to the direct emissions caused by
the organization or its parts under scope -1 [18]. Scope -2
refers to indirect emissions such as purchased electricity
and heat, which the organization does not produce directly
but causes to be produced by purchasing what is produced.
Scope -3 refers to the indirect emissions resulting from
the activities of all the remaining organizations and their
products. These emissions include emissions made by the
company's stakeholders, transportation and distribution,
purchased, rented parts, etc. They are called indirect emis-
sions caused by the organization.

According to the research, the emissions shared by vehicle
manufacturers globally are scope 1 and scope 2 emissions,
and these are data related to emissions such as the pro-
cesses used to shape the material in the factory, welding,
and the energy used by the factory [19]. It has been under-
stood that vehicle manufacturers also supply the metals
and other parts they purchase for shaping under scope 3
because they do not produce them themselves but procure
them from outside.

As seen in Figure 1, it is understood that the emissions
caused by vehicle production are not only scope 1+2 emis-
sions shared by the factories, but are the emissions caused
by the vehicle manufacturers' own factories. Based on the
values given in Figure 1, it has been seen that in order to
understand how much emissions a vehicle causes, scope 3
data should also be looked at. According to the specified
emissions, these values show radical changes to various
parameters, such as the segment of the vehicles, the tech-
nologies used [20], the countries where the production and
suppliers are located [21].

In the study, it was investigated which of these vehicles,
Renault Clio as a diesel vehicle and Renault Zoe as a bat-
tery-electric vehicle, is more suitable for green consumer,
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considering the production and usage processes of these
vehicles. Whether this green consumption depends only on
the raw material of the vehicle will be examined in terms of
other factors like fuel usage within the scope of the study.
In the following sections, vehicle specifications including
powertrain are provided. Each component is delineated in
the methodology by a percentage, calculated in kilograms.
Weight values for each material are multiplied by emissions
to determine raw material emissions in this study. Further-
more, energy sources and their usage, along with emissions
from various sources, are compared with the total raw ma-
terial emissions of the vehicle.

In the following chapters, there are comprehensive analy-
sis comparing diesel and electric vehicles, focusing on their
environmental impact, design considerations, and techno-
logical aspects. The study employs advanced software tools
to examine vehicle components, material composition, and
associated emissions. There are detailed comparisons of
emissions from raw materials, production processes, and
fuel consumption for both vehicle types in Materials and
Methods section. The research challenges common per-
ceptions about electric vehicle sustainability, revealing how
factors such as energy sources and geographical locations
significantly influence their environmental impact, which
is mentioned in the Results and Discussion section. The
study also highlights the crucial role of designers in reduc-
ing emissions through thoughtful design choices in Con-
clusion section. Additionally, the analysis provides valuable
insights into the relationship between vehicle design, mate-
rial usage, and emissions which are also mentioned in the
Recommendations section.

MATERIALS AND METHODS

This study aims to reveal the accuracy or inaccuracy of the
hypothesis through theoretical analysis of the results. Au-
todesk Fusion 360, one of the computer-aided design soft-
ware, is used to determine vehicle part masses. Then, the
emission values of the parts will be calculated according
to raw material usage rates using CCaLC 2 software [22].
Analysis will be carried out to compare the basic hypothe-
sis of the study, examining how sustainable electric vehicles
and diesel vehicles are in terms of parts and fuel consump-
tion calculations. CCaLC 2 is an essential tool that uses one
of the most important material database for sustainability,
Ecoinvent. Consider revising for clarity: "The aim is to con-
tribute to relevant scientific fields by detailing raw material
usage emissions through vehicle parts and, consequently,
Scope 3 emissions. The methodology of this article is ex-
plained in Figure 2 as flow chart diagram.

As mentioned in Figure 2, two types of vehicles were consid-
ered as constraints. Renault Clio as a diesel vehicle and Re-
nault Zoe as a battery electric vehicle constitute these vehi-
cles. [23]. While the features of the diesel vehicle are given in
Table 1, the basic features of the battery electric vehicle are
given in Table 2. The model of the Renault Clio vehicle with
a diesel engine is 2012, and the model of Zoe is 2016 [24].

Table 1. Key specifications for Renault Clio [23]

Parameters Specifications
Engine Diesel 1.5 dci 51 kW
Total weight (kg) 1185 kg

Table 2. Key specifications for Renault Zoe [24]

Parameters Specifications
Battery Li-Ion NMC-41 kWh
Electric motor AC 65 kW
Total weight (kg) 1480 kg

Table 3. Mass distribution of parts excluding powertrain
systems for diesel vehicle [25]

Section name Percent by mass (%)

Body in white 30
Closures/fenders 11
Suspension/chassis 28
Glazing 3
Lighting 1
Interior 19
Electrical 4
Thermal 2
Bumpers 2

In selecting the specified vehicle models, the parameter of
accessibility to research data conducted in the global litera-
ture came to the fore. Such an approach was taken because
companies will not share such detailed data. Therefore, the
calculations do not reflect Renault data, but will show ap-
proximate data of any vehicle with similar design features.
Vehicle segments are taken as economy segments due to
material usage data. A reference source will be used that
equates part weights as percentages based on the total mass
of the vehicles. This reference will allow us to determine the
amount of material used in various vehicle parts by mass.

As seen in Table 3, the percentage distribution by mass
of the vehicle, excluding powertrain parts, is given. Using
these percentages, it will be seen how much plastic or metal
an economy segment vehicle uses, and the emissions within
the scope of raw materials will be revealed.

Calculations for a diesel vehicle are based on the constraints
of a 121.7 kg engine and 54.2 kg of transmission parts (in-
cluding differentials, axles, and bearings) [26],

IW (kg) - 175.9 (kg)==NetW (kg) (1)

By using the equation (1), the total net weight, excluding
powertrain, in kg will be calculated using the mentioned
symbol, YNetW. YW symbol refers to total weight in kg,
including powertrain. Data on the percentage mass distri-
bution among vehicle parts will be obtained. When calcu-
lating the total mass of each part,
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Figure 2. Flow chart diagram for the detailed explanation of methodology.
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Table 4. Powertrain parts and masses for battery electric vehicle

Part name Specifications Net weight (kg)
Battery Pack 41 kWh Li-Ton 192 cells, 940 grams 305 kg [28]
Electric motor 65 kW 65 kg [29]
Transmission (shafts, differential, casings, bearings etc.) - 18.1 kg [30]

Table 5. Percentage of materials excluding powertrain in general mass [25]

Section name

Material name

Percent by section’s mass (%)

Percent by overall mass (%)

Body in white Mild steel 88 26.4
Body in white Low carbon steel 9 2.7
Body in white Paint and isolation materials 3 0.9
Closures/fenders Mild steel 97 10.67
Closures/fenders Low carbon steel 3 0.33
Interior Plastics 39% Plastics (90% Polypropylene, 7.41

6% Acrylonitrile Butadiene Styrene,

4% Polyurethane)

Interior Low carbon steel 36 6.84
Interior Wood fiber 1 0.19
Interior Fabric 5 0.95
Interior Carpets 14 2.66
Interior Glass 5 0.95
Suspension/chassis Mild Steel 46 13.08
Suspension/chassis Low Carbon Steel 15 4
Suspension/chassis Aluminium 18 5.04
Suspension/chassis Others 21 5.88
Glazing Glass 100 3
Lighting Polycarbonate 100 1
Electrical Others 100 4
Thermal Plastics 100 2
Bumpers Mild steel 100 2
Z sw (kg) — Percent by Mass (%) x ¥ NetW (kg) (2) ZW (kg) —388.1 (kg):ZNetW (kg) (3)

100

equation will be used. Section weights (XSW) will be calcu-
lated as mentioned (2). According to the research, the use
of iron and steel in the powertrain systems of diesel vehicles
averaged 57% for vehicles between 2011 and 2014. In cases
where data is inaccessible while performing calculations,
this ratio will be used to continue the calculations. [26].

Given the absence of a transmission in the powertrain sys-
tems of battery electric vehicles, it is crucial to know the
masses of the battery pack and electric motor. According to
this, the data given in Table 4 was accepted as a limitation
in the research data obtained [27].

Based on the values given in Table 4, it can be seen that
the powertrain for an electric vehicle has an average mass
of 388.1 kg. Based on this, the equation applied to the die-
sel vehicle should be repeated, and the calculation should
be made as,

After separate calculations are made for each vehicle (3),
detailed data in terms of material usage will emerge, so it
is necessary to go into the material details of the sections
under the section name.

It was aimed to obtain the net masses of the parts and mate-
rials used for both vehicles based on their ratio to the gener-
al mass, using constant coeflicients taken from internation-
al automotive industry publications. The values are given in
Table 5. CCaLC2 software is used to calculate raw material
emissions. In these calculations, the term 'At plant' refers to
emissions associated with the production of ready-to-use
materials from raw materials.

(F.u. stands for Functional Unit) As seen in Table 6, the
main cause of emissions is non-natural materials. The first
highest emission value comes from industrial paints, fol-
lowed by aluminum at 12.0 kg, and the lowest emission
value is found in tempered glass at 0.235. Since there is no
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Table 6. Emission values provided via CCaLC2 software

Raw material Amount CO, eq. CO, eq. Database section
(kg/f.u.) (kg/kg raw material) (kg/f.u.)
1 hour painting and 1solation 1.00 268 268
2 square meter — polyester (27.8 kg) 1.00 6.40 6.40
Acrylonitrile butadiene styrene at plant 1000 4.40 4403 Ecoinvent / materials
Aluminjum at plant 1000 12.0 1.20E+4 Ecoinvent / materials
Copper production, primary, EU 1000 1.91 1911 Ecoinvent / materials
Nylon 6 at plant 1000 9.29 9285 Ecoinvent / materials
Polycarbonate at plant 1000 7.79 7788 Ecoinvent / materials
Polypropylene granules at plant 1000 1.98 1983 Ecoinvent / materials
Polyurethane flexible foam at plant 1000 4.85 4845 Ecoinvent / materials
Polyvinylidenchloride granules at plant 1000 4.92 4916 Ecoinvent / materials
Synthetic rubber at plant 1000 2.66 2656 Ecoinvent / materials
Tempering, flat glass 1000 0.235 235 Ecoinvent / materials
Turning, steel, conventional, average 1000 3.34 3343 Ecoinvent / materials
Turning, steel, conventional, primary 1000 3.22 3219 Ecoinvent / materials
Total 1.20E+4 Total: 5.69E+4

Table 7. Net weights of parts for diesel vehicle

Table 8. Net weights of parts for battery electric vehicle

Section name Percent by mass (%) Net weight (kg)  Section name Percent by mass (%) Net weight (kg)
Body in white 30 302.73 Body in white 30 327.57
Closures/fenders 11 111 Closures/fenders 11 120.11
Suspension/chassis 28 282.55 Suspension/chassis 28 305.74
Glazing 3 30.27 Glazing 3 32.75
Lighting 1 10.09 Lighting 1 10.92
Interior 19 191.74 Interior 19 207.47
Electrical 4 40.36 Electrical 4 43.68
Thermal 2 20.18 Thermal 2 21.83
Bumpers 2 20.18 Bumpers 2 21.83

recycling in the evaluations, pure values, which include
the use of raw materials, were used. Studies can also be
conducted that include factors such as production, trans-
portation, wastewater resources, and other emissions.
However, since it is not the focus of this study, this in-
cludes a comparison of electric vehicles and diesel vehicles
and basic material usage emissions.

Data on fuel consumption per 100 km [23] for both vehicle
types were found in the literature. When looking at the re-
al-time fuel consumption of the vehicles, it was found that
the electric vehicle consumed 16.6 kWh of electricity at a
distance of 100 km, and the diesel vehicle consumed 4.9 L
of fuel at a distance of 100 km. The greenhouse gas emission
directly caused by 1 liter of diesel fuel is 2.64 kg CO,. For
the European Union EU28 mix (2016), 1 MWh of electri-
cal energy corresponds to 295.8 kg of CO, emissions. If 1
MWh of electrical energy is produced from a coal-consum-
ing power plant (according to EU28 mix source), it results

in 850 kg of CO, emissions [31], which means 0.85 kg of
CO, emissions per kWh.

It has been observed that the mass of the economic seg-
ment, diesel vehicle's mass is 1185 kg; it is 1009.1 kg, ex-
cluding the powertrain. When the percentage application
was performed to determine the masses of the other parts,
the results in Table 7 emerged.

It is seen that the powertrain systems in the battery elec-
tric vehicle with a mass of 1480 kg correspond to a value of
388.1 kg. It can be said that the mass excluding the power-
train is calculated as 1091.9 kg.

The values given in Table 8 also take into account the de-
sign-related emissions in the production of electric vehi-
cles. The biggest reason why there are different values in
both tables is that the design of both vehicles is different.
The difference in powertrain systems accounts for the vari-
ation in overall vehicle mass.
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Table 9. Materials massively used in diesel and battery electric vehicles

Section name Material name Percent by overall For diesel For battery electric
mass (%) vehicle (kg) vehicle (kg)
Body in white Mild steel 26.4 266.40 288.26
Body in white Low carbon steel 2.7 27.24 29.48
Body in white Paint and 1solation materials 0.9 9.08 9.83
Closures/fenders Mild steel 10.67 107.67 116.51
Closures/fenders Low carbon steel 0.33 3.33 3.60
Interior Plastics (polypropylene) [32] 6.67 67.31 72.83
Interior Plastics (ABS) 0.44 4.44 4.80
Interior Plastics (polyurethane) 0.30 3.02 3.28
Interior Low carbon steel 6.84 69.02 74.69
Interior Wood fiber* 0.19 1.92 2.07
Interior Fabric (polyester) 0.95 9.59 10.37
Interior Carpets (nylon) [33] 2.66 26.85 29.04
Interior Glass 0.95 9.59 10.37
Suspension/chassis Mild steel 13.08 131.99 142.82
Suspension/chassis Low carbon steel 4 40.36 43.68
Suspension/chassis Aluminium 5.04 50.86 55.03
Suspension/chassis Others (wheels - Rubber) 5.88 59.34 64.21
Glazing Glass 3 30.28 32.75
Lighting Polycarbonate 1 10.09 10.92
Electrical Others (battery, wires, electronics etc.)* 4 40.36 43.68
Thermal Plastics (polyvinyl chloride) [34] 2 20.18 21.84
Bumpers Mild steel 2 20.18 21.84
Total - 100% 1009.1 1091.9
Table 10. Emissions from powertrain parts of diesel and battery electric vehicles
Diesel vehicle powertrain parts Emissions Battery electric vehicle Emissions

(CO, Eq. (kg/f.u.)

powertrain parts

(CO, Eq. (kg/fu.)

Engine 406.47 Electric Motor [35] 91.98 +
(%42.37 mild steel, 26.97 +
%12.89 low carbon steel, 135.09 +
%17.32 aluminium, 11.02 =
%8.88 copper, 265.06
%18.54 others)
Transmission (including shafts, 174.52 Battery 2160 [36]

differential, axles etc.)

Power Inverter, Converter (**), 100 (**)+58.28 =
Transmission (shafts, differential,

casings, bearings etc.)

Sum of emissions (CO, Eq. (kg/f.u.)
580.99

158.28
2583.34

Table 9 shows the usage of diesel and battery electric vehicle
materials in kilograms. Accordingly, the amount of usage on
a material basis is shown. The amount of materials used by
the vehicles and the changes in kilograms due to the design
factor are also expressed in this table. Parameters marked *
are not included in the emission calculations of both vehicles.

Wood Fiber is not included in the emission calculations due
to its low usage rate and the natural nature of the material.

In Table 10, emission values are calculated based on the raw
materials used, based on the masses of the parts in the pow-
ertrain systems of battery electric vehicles and diesel vehicles.
18.54% of the electric motor could not be included in this cal-
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Table 11. Material emission data for electric vehicles

Raw material Amount CO, eq. CO2 eq. Database section
(kg/f.u.) (kg/kg raw material) (kg/f.u.)

*Others (including powertrain) 2583 1.00 2583

1 hour painting and isolation 1.00 268 268

2 square meter — polyester (27.8 kg) 0.373 6.40 2.39

Acrylonitrile butadiene styrene at plant 4.80 4.40 21.1 Ecoinvent / materials

Aluminium at plant 55.0 12.0 663 Ecoinvent / materials

Nylon 6 at plant 29.0 9.29 270 Ecoinvent / materials

Polycarbonate at plant 10.9 7.79 85.0 Ecoinvent / materials

Polypropylene granules at plant 78.2 1.98 144 Ecoinvent / materials

Polyurethane flexible foam at plant 3.28 4.85 15.9 Ecoinvent / materials

Polyvinylidenchloride granules at plant 21.8 4.92 107 Ecoinvent / materials

Synthetic rubber at plant 64.2 2.66 171 Ecoinvent / materials

Tempering, flat glass 43.1 0.235 10.1 Ecoinvent / materials

Turning, steel, conventional, average 569 3.34 1904 Ecoinvent / materials

Turning, steel, conventional, primary 151 3.22 488 Ecoinvent / materials

Total 3611 Total: 6732

Table 12. Material emission data for diesel vehicles

Raw material Amount CO, eq. CO, eq. Database section
(kg/f.u.) (kg/kg raw material) (kg/fu.)

*Others (including powertrain) 581 1.00 581

1 hour painting and isolation 1.00 268 268

2 square meter — polyester (27.8 kg) 0.345 6.40 2.21

Acrylonitrile butadiene styrene at plant 4.44 4.40 19.5 Ecoinvent / materials

Aluminium at plant 50.9 12.0 612 Ecoinvent / materials

Nylon 6 at plant 26.9 9.29 249 Ecoinvent / materials

Polycarbonate at plant 10.1 7.79 78.6 Ecoinvent / materials

Polypropylene granules at plant 67.3 1.98 133 Ecoinvent / materials

Polyurethane flexible foam at plant 3.02 4.85 14.6 Ecoinvent / materials

Polyvinylidenchloride granules at plant 20.2 4.92 99.2 Ecoinvent / materials

Synthetic rubber at plant 59.3 2.66 158 Ecoinvent / materials

Tempering, flat glass 39.9 0.235 9.35 Ecoinvent / materials

Turning, steel, conventional, average 526 3.34 1759 Ecoinvent / materials

Turning, steel, conventional, primary 140 3.22 450 Ecoinvent / materials

Total 1530 Total: 4435

culation due to the variety of sub-materials, and the constant
coeflicient in power inverters and converters was considered
as 100 kg CO,. The calculated CO, emissions were 2583.34 kg
for battery electric vehicles and 580.99 kg for diesel vehicles.

The main focus of the study was the supply of materials
from manufacturers' scope 3 emissions. The values given
in Table 11 are the emission amounts caused by the specif-
ic raw materials used during the production of the vehicle.
The machines used in the processes evaluated within the
framework of scope 1 and 2 and their energy consumption
are not included in the mentioned values. Additionally, cal-

culations were conducted based on the total emissions of
resulting parts, without distinguishing between scopes for
parameters such as dyeing, powertrain, and polyester.

The parameters given in Table 12 are the emission values
resulting from raw material consumption according to the
raw material used during the production of a diesel vehicle.
Within the scope of the study, the emissions resulting from
the parts and materials required for the operation of the ve-
hicles were found to be 6732 kg for electric vehicles and
4435 kg for diesel vehicles. Those values are results from
Table 11 and Table 12.
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_ 4435kg CO2
Zipiese R = 2.64 kg CO2 per Liter (4)
100 km
EM (km) = 4.9 Liter x Z[Diesel] R (5)

Total reps (Z[Diml]R) values shows the total raw materi-
al emission’s divided by energy emission per source (4,6).
In the Expressed Mileage (EM) calculations (equivalent to
km), the results are compared to the vehicle's raw materi-
al emissions and mileage emissions by energy source (5,7).
When these values are compared with the fuel consumption
of vehicles, diesel one will travel an average of 34270.63 km
and will be equivalent to the emissions caused by the mate-
rials used. According to equations (4) and (5), higher fuel
usage reduces mileage, while higher fuel emissions from the
source also reduce mileage. Conversely, higher raw material
emissions tend to increase mileage. However, it's important
to note that higher raw material emissions typically lead to
increased fuel usage. Therefore, the overall result is lower
mileage for vehicles with higher raw material emissions.
These calculations pertain specifically to automobiles. In
electric vehicles, there is no stable value since the emissions
resulting from the production of electricity are different in
each country and each grid.

6732 kg CO2

2:[Elr’—’ctﬂ'cl R = 0.2958 kg CO2 per KWh ©)
100 km
EM (km) = 166 KWh xz[Electric]R ?)

Accordingly, based on the EU28 mix (2016) value, it cor-
responds to the fuel consumption at an average distance
of 137006.89 km. When you change the electrical energy
source with its emissions (8), it will show the differences be-
tween energy sources in perspective of sustainable world (9).

Z R = 6732 kg CO2

[CoalBasedElectric] ~ o085 kg CO2 per KWh (8)
100 km

EM (km) = Teexwh ¥ Z[CoulBasedElectric]R 9)

When electrical energy is provided from coal, the average
distance reaches 47678.4 km. These findings indicate that
before making claims about emission reductions from elec-
tric vehicles, the relevant parameters should be considered
on a country, region, and power grid basis.

RESULTS AND DISCUSSION

This research study reveals the differences between electric
vehicles and diesel vehicles in terms of emissions, design,
technology, and fuel consumption. Even in design differ-
ences alone, changes in materials used and, consequently,
emission increases have been highlighted. The aim was to
understand whether electric vehicles or fossil fuel vehicles
are less harmful to the environment in terms of emissions
generated by design and product. Additionally, the effects
of industrial design discipline on emissions were intended
to be clearly demonstrated. As seen in the resulting tables,

the segments of vehicles significantly affect emissions due
to differences in design and material usage. Within this
framework, an important example study has been present-
ed for industrial designers and transportation vehicle de-
signers to understand the sustainability and effectiveness
of design on emissions. It has been understood that design
activities conducted at the industrial level are not merely
designs but can also lead to significant emissions, and de-
signers can play a crucial role in reducing emissions. Given
that green consumption and green production themes are
deepening in today's conditions, it has been observed that
the industry and consumers need to engage in production
and consumption consciously.

As aresult of the examination conducted on battery electric
vehicles and diesel vehicles, it has emerged from the data
that contrary to what is indicated in advertising campaigns,
electric vehicle production results in more emissions, pri-
marily due to battery-related factors. Diesel vehicles, on the
other hand, do not cause additional emissions due to their
use of more standardized technologies, while it has been
understood that battery technologies are not part of a circu-
lar economy, both in their production and the minerals they
use. Nowadays, the degree of "greenness" of the transition
to electric vehicles under the banner of green transforma-
tion should be much more thoroughly debated. In today's
context where electric vehicle emissions are produced with
even more emissions compared to conventional vehicles,
it can be observed that productions made under the con-
cept of sustainability continue to harm the environment.
Instead of converting as many vehicles as exist in the world
to electric, a transformation journey has begun where vehi-
cles are re-manufactured electrically in the same quantity
as existing vehicles. This way, manufacturers continue their
production with the potential for sales equivalent to the ex-
isting number of vehicles, rather than aiming to maintain
or decrease the number of vehicles in the market.

In the research, not only material-based emission compari-
sons between electric vehicles and diesel vehicles were con-
ducted, but also an attempt was made to calculate the dis-
tance equivalent of material emissions of vehicles through
fuel consumption. As a result of the calculations, it was ob-
served that while diesel vehicles provide a more consistent
value, electric vehicles can have emissions from various fuel
consumption sources through the grid they are connected to.
For example, energy may be produced by wind turbines or
solar panels on the grid where it is charged, while in another
country or region, energy may come from power plants that
consume coal. This diversity implies that electric vehicles
can lead to significantly different fuel emissions regardless
of the model or brand. While emissions per kilometer could
be the same with diesel fuel on one hand, on the other hand,
emissions per kilometer in electric vehicles could be 8 times,
9 times, or even higher differences with significantly low-
er emissions. In this context, whether electric vehicles are
sustainable or not varies depending on the country, region,
and grid they will be used in, and it would be more accurate
to make an inference about their sustainability accordingly.
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CONCLUSION

It is a fact that humanity faces various challenges in the face
of changing and evolving technologies, with one of the fore-
most current issues being environmental disasters caused by
the ease of mass production. In light of this reality, the desire
of companies worldwide to implement sustainable economic
growth with less environmental damage has become a prom-
inent issue in today's industry. This study examines the tran-
sition to alternative fuel vehicles in the automotive industry
in response to this situation, addressing how electric vehicles
compare to fossil fuel vehicles in terms of their environmen-
tal impact, considering design and technological integration.

While factors such as the economic segment of the vehi-
cle, materials used, and production capabilities concern the
technological aspect, it has been determined how effective
the design is in terms of emissions in the formation of the
product, with parameters such as body in white, bumpers,
trunk, windows, interior design, which are the parts where
the design will be realized according to these capabilities.
Especially in the automotive industry, it has been conclud-
ed that design should be done while considering technolo-
gy, design, and carbon emissions.

The raw material emission section in Figure 3 is a signif-
icant aspect involving both technology and design con-
siderations. It has been observed that even factors such as
whether the vehicle is a hatchback or sedan greatly influ-
ence these emissions, and the adoption of alternative fuel
technologies in vehicles leads to varying outcomes. While
calculating emissions from usage and production is more
feasible for diesel vehicles, electric vehicles yield different
results depending on grid emissions. This challenges the
notion that electric vehicles are inherently sustainable.

Figure 3 shows the overall raw material emissions of die-
sel and electric vehicles. From this, it can be understood
that sustainability is holistic, requiring collaborative prog-
ress across all sectors and stakeholders to achieve sustain-
able outcomes. To determine whether electric vehicle users
are making a sustainable choice, it is crucial to first inves-
tigate how far they can travel based on grid emissions in
their country. Figure 4 shows the difference between EU28
Mix grid-based and coal-based electric grid emissions for
an electric vehicle. According to this comparison, electric
vehicle’s raw material emissions are similar to Option 1 if
the grid uses green/sustainable energy. Option 2 applies if
the grid uses higher emission per kWh, which is shown in
Figure 4 as a sharp decrease in expressed mileage (km).

According to Figure 4, in this study, equality is achieved
if an electric vehicle travels on average 1.52 times farther
per kilometer compared to a diesel vehicle, due to the raw
material emissions ratio indicating this value. This average
factor of 1.52 leads to a result of 52090 km, requiring grid
emissions to be at least 0.7781 kg CO, per kWh. Under the
conditions depicted in Figure 4, electric vehicles surpassing
this emission value will create a less efficient environment
compared to diesel vehicles in all scenarios. These conclu-
sions are derived by reversing Equations (6) and (7).

Raw material emissions
per vehicle are
calculated in kg. These
include Scope 3
emissions (which are
from bought metals,
plastics from
suppliers).

m Diesel Vehicle
m Electric Vehicle

0 1000 2000 3000 4000 5000 6000 7000

Figure 3. Comparison of raw material emissions for diesel and
electric vehicles.

Option 1: If the energy is provided
from EU28-Mix grid, the ratio of raw
material emissions to energy
emissions per source will be
calculated and compared with the
Expressed Mileage (km).

Option 2: If the energy is provided
from coal-based plants, the current
emissions will be represented using
the Expressed Mileage (km) measure
as follows:

m Diesel Vehicle
m Electric Vehicle

0 40000 80000 120000

Figure 4. Expressed mileage comparisons for diesel and elec-
tric vehicles.

The study has uncovered important information for the glob-
al literature and consumers. From a literature perspective,
data has been generated that can benefit individuals and insti-
tutions in the technical and social disciplines working in this
field. It is of great importance for various scientific disciplines
such as engineering, industrial design, and transportation ve-
hicle design, which are involved in the design of vehicles in
the industry, to understand to what extent their own contri-
butions affect emissions. Specific data within the scope of the
study includes which part designs can reduce emissions, the
density of plastic or metals used in various parts, and how
much emissions these parts cause. This information is crucial
for understanding the primary impacts of different scientific
disciplines such as engineering and design, on emissions.

RECOMMENDATIONS

The study highlights important perspectives for consumers,
especially green consumers, to consider sustainability val-
ues when making purchases. It is emphasized that in every
sector, Scope 1-2 emissions do not represent all emissions
caused by a product, and it is important not to forget that
material emissions caused under broad parameters such as
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Scope 3 also exist. Therefore, it is recommended that con-
sumption should continue with awareness of the material
emissions caused under broad parameters like Scope 3,
rather than solely relying on Scope 1-2 emissions.

For industries and manufacturers, the importance of emis-
sion calculations and reducing emission values is evident to-
day. However, to understand the effectiveness of converting
any item or vehicle to electric under the guise of sustainabili-
ty, it is crucial to consider the amount of emissions per kWh
in the connected grid. Otherwise, it should not be forgotten
that conversions made may not reduce emissions but could
even lead to an increase in emissions. If the emissions value
in the connected grid is high, the optimum values of devices
or items running on diesel or gasoline should be examined,
and the conversion should be made accordingly. Otherwise,
there could be an increase in emissions and a loss of resources
as a result of the conversion. Since all the results are relevant
and crucial for the respective scientific disciplines, consum-
ers, and industries, an approach has been suggested that can
be followed in studies related to these scientific disciplines.
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INTRODUCTION

ABSTRACT

The zero waste approach introduces a novel perspective on waste management, allowing for
the categorization of waste at its origin. This enables each identified waste group to be assessed
and optimized individually. One of these optimization studies focuses on the optimization of
waste collection and transportation. The placement and number of containers, as well as the
collection routes of vehicles, are crucial for optimizing these processes. In this study, the num-
ber of containers placed in Karaman, their placement, the distance between the containers,
and the vehicle route optimization were analyzed. The results show that the current number
of containers is not used efficiently, with an average distance of only 33 meters between them.
Moreover, optimizing routes in five pilot areas resulted in an average efficiency gain of 32%,
which saved 17 kilometers, 50 minutes, and 8 liters of fuel per route. Based on these findings, a
32% improvement is anticipated not only in economic and time efficiency but also in reducing
the carbon footprint during the collection and transportation stages.

Cite this article as: Argun YA, Bilgin M. Waste collection and transport optimization in
accordance with zero waste principles of Karaman province in Tiirkiye. Environ Res Tec
2025;8(1)57-64.

In recent years, significant advancements have been made
in the field of waste management in our country. To pro-

The amount of waste produced globally is increasing due
to rapid population growth, industrialization, economic
growth aspirations, the desire for a luxurious lifestyle, and
technological advancements across various sectors. This
rise in waste generation has necessitated the adoption of
zero waste principles, making it essential to manage waste
production and consumption effectively. Direct disposal of
waste without any treatment, neglecting recycling, recov-
ery, and optimization processes, creates significant resource
problems in terms of both energy and raw materials [1-3].
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mote the zero waste philosophy, the Ministry of Environ-
ment, Urbanization, and Climate Change (MoEU) encour-
ages people to consume only what they need, reduce their
waste, and separate waste at the source. Detailed studies
have been conducted to ensure the collection and recycling
of waste separated at the source. On September 25, 2017,
the "Zero Waste Project” was launched in the MoEU service
building. This project aims to create awareness and pro-
vide a roadmap, involving citizens in waste management
through public institutions, organizations, hospitals, uni-
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versities, schools, airports, shopping malls, and households.
The “Zero Waste Project” aims to prevent wastefulness and
foster both corporate and individual responsibility [3, 4].

Conceptually, integrated solid waste management (ISWM)
can be defined as a systematic and scientific discipline that
encompasses the minimization, collection, transportation,
processing, and final disposal of all waste types with a holis-
tic perspective. ISWM considers factors such as the supply
and demand balances of the region’s population, produc-
tion and consumption habits, economic values, engineer-
ing solutions, protection of natural resources, aesthetic
concerns, environmental and human health, and the pres-
ervation of natural assets like flora and fauna [5, 6]. This
integrated approach ensures that all aspects of waste man-
agement are addressed, providing a comprehensive and
sustainable solution [7].

Effective planning of waste management requires address-
ing various regional issues, including geography, physical
elements, urban settlement patterns, building conditions,
road conditions, livelihood, income levels, heating systems,
and cultural habits. Understanding these factors helps in
creating a tailored waste management plan that meets the
specific needs of the region. Additionally, citizen support
is crucial to reducing environmental impacts to near-zero
levels with minimum cost and maximum benefit. Under-
standing the situation and expectations of the local popula-
tion is vital for gaining their support. Projects and systems
that lack citizen support are unlikely to be sustainable [8, 9].

Another critical aspect of integrated waste management is
the selection and use of appropriate tools and equipment by
local governments or private organizations. In the accumu-
lation, collection, and transportation of waste, it is import-
ant to choose equipment and vehicles that are suitable for
current technological standards and to evaluate them using
technological capabilities. Well-planned selection, place-
ment, and transportation of tools and materials can lead to
significant savings in fuel, personnel, and equipment costs,
while also reducing carbon emissions [10, 11].

In waste collection and transportation, various factors
play a crucial role, including the structure and capacity of
the containers, their placement, settlement frequency, the
number of people per container, the condition of transport
vehicles, the compression status and factor of vehicles, the
distance of the disposal or recovery facility from the col-
lection point, and the routing process. On average, 28 liters
of fuel are consumed in an 8-hour operation depending on
these factors. Additionally, the cost of collection and trans-
portation ranges from 30$ to 70$ per ton of waste, making
up 65-80% of total waste management costs. This high-
lights the importance of efficiently planning the collection
and transportation systems to ensure sustainability [7, 12].

Another issue in integrated waste management is the col-
lection and transportation of waste, which is the only point
that individuals witness and experience directly in front of
them. Dissatisfaction in these observations may lead to a
decrease in the belief in waste management and zero waste

by confronting the waste management and local adminis-
tration with the perception of failure. Therefore, the inte-
grated waste management system must be planned correct-
ly and this plan must be strictly followed [6, 13-16].

This research aims to evaluate container locations and con-
duct an optimization study for waste collection and trans-
portation systems in accordance with zero waste principles.
By analyzing the current waste management practices in
Karaman and optimizing the placement and routing of con-
tainers, this study seeks to enhance efficiency, reduce costs,
and minimize the environmental impact of waste manage-
ment processes.

MATERIALS AND METHODS

Current Situation of Karaman Province

Urban solid wastes in Karaman province are defined as
wastes within the adjacent areas of Karaman Municipality
and are collected by the Karaman Municipality Cleaning
Affairs Directorate. The wastes of the district municipalities,
those collected by the Special Provincial Administration,
and the industrial wastes are not included in the urban solid
wastes. Data on total urban solid waste, the number of con-
tainers, and location information of placed containers were
obtained from the Cleaning Department of Karaman Mu-
nicipality. Additionally, information on the types and num-
bers of vehicles involved in waste collection, waste collec-
tion route details, the number of containers on each route,
vehicle tracking system data, current waste management
practices, and other equipment details were also gathered.

Information on the amount of collected waste, the num-
ber of recycling containers placed, and the number of in-
door boxes placed was obtained from Yunus Emre Cultural
Foundation Economic Enterprise, which has a collection
and separation facility license and an agreement with Kara-
man Municipality.

Information on the population of Karaman and the popu-
lation of the neighborhoods was obtained from the official
web page of the Karaman Governorship Provincial Direc-
torate of Population and Citizenship.

The fuel consumption during the 8-hour operation of the
compression vehicles used in the collection and transporta-
tion operations is taken as 28 liters [12].

Collection and Transport Optimization

The optimization process and maps of the vehicles used in
the waste collection and transportation processes in Kara-
man were created using the ArcMap 10.5 program.

Finding Existing One-Day Routes of Collection Vehicles

The current route information reflects the daily movements
of the Karaman Municipality Cleaning Affairs Director-
ate collection vehicles in the pilot areas. Coordinate data
obtained from vehicle tracking systems of vehicles collect-
ing in pilot areas was used. The coordinates received were
transferred to the ArcMap 10.5 program. After the path
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Figure 1. View of the density map rendering in ArcMap 10.5.

information was downloaded using OpenStreetMap, it
was converted into a format that can be used in the Arc-
Map 10.5 program and roads were created. After creating
the path and point data, routing was performed in the Arc-
Map 10.5 program with the Network Analyst tool to follow
the sequential points (Fig. 1). Existing route drawings start
with the movement of collection vehicles from the garage
and end with their arrival at the disposal site. The distance
from the disposal site to the garage is 7.7 km, and an aver-
age of 22 minutes is spent.

Container Data and Waste Density Map

The coordinates of the container locations were obtained
from the Karaman Municipality Cleaning Affairs Direc-
torate. These coordinates were input in the ArcMap 10.5
program according to the collection regions. By process-
ing the road data using OpenStreetMap and the points, the
container settlement map in Karaman and the container
settlement status map in the pilot regions were obtained.
Waste density maps were created using the Kernel Density
toolbar in the Spatial Analyst Tool of the ArcMap 10.5 pro-
gram by using the container point data and the container
volume (800 L) in Karaman and in the pilot regions. The
average nearest neighbor summary, showing the average
distances between containers and their distances relative to
the collection area, was obtained using the Average Nearest
Neighbor toolbar in the spatial statistics tools of the Arc-
Map 10.5 program (Fig. 1).

Optimization of the Vehicle Routes
Route optimization was carried out considering the con-
tainer layout in the existing 5 pilot regions, with the start-

ing point being the Garage of the Cleaning Works Depart-
ment and the ending point being the sanitary landfill. The
Network Analyst module of the ArcMap 10.5 software was
used for solid waste collection and optimum route determi-
nation. Working with the same logic as the smallest span-
ning tree method, this software enumerates the obtained
solid waste coordinates on the road data by calculating the
shortest distances between them and gives the optimum
route between these points (Fig. 2) [15, 17-19].

RESULTS AND DISCUSSION

Current Situation of Karaman

The population for which waste collection service is provid-
ed by Karaman Municipality is 161,946 people. There are
63 neighborhoods in the center of Karaman. An average of
179,013 kg of waste is collected per day by Karaman Munici-
pality. The amount of waste per capita in Karaman is 1.15 kg.

There are 4,750 containers placed on the site for the collec-
tion of urban solid waste (garbage collection). The volumes
of the containers are 770 L, and there are 35 persons per
container. The average waste volume per container is 0.25
m?. The container utilization factor, which is the average
occupancy rate when the containers are emptied, is 33%.

Urban solid wastes are collected by Karaman Municipality
Cleaning Affairs Directorate with 9-13 m?, 2-8 m®, and 2-7 m’
compression vehicles and disposed of in the sanitary landfill.
No other process is applied for these wastes before disposal.

Detailed insights into the handling of oversized waste
items, used cooking oils, and debris from building activities
remain elusive. Information regarding hazardous waste ma-
terials, discarded mineral oils, depleted batteries, and out-
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Figure 2. Network analyst data load view.

Table 1. Number of equipment installed and usage rates

Information of equipment placed in Karaman

Total population (person) 161946
Number of containers (pcs) 4750 Number of recycling containers 433
Container volume (m?) 0.77 Recycling container volume (m?) 2
Daily waste amount (kg/day) 179013 Number of indoor boxes 5950
Daily waste volume (m*/day) 1194 Waste retrieval center (7 compartments) 20
Karaman average waste density (kg/m?) 150 Daily amount of recyclable waste (kg/day) 63704
Number of people per container (person) 35 Daily recyclable waste volume (m3/day) 1118
Amount of waste per container (kg/day) 38 Karaman average recyclable waste density (kg/m?) 57
Waste volume per container (m?/day) 0.25 Number of persons per recycling container (person) 375
Container utilization factor 0,33 Amount of waste per recycling container (kg/day) 148
Number of containers required (piece) 2215 The volume of waste per recycling container (m?*/day) 2,58
Average vehicle speed 18 km/h Recycling container utilization factor 1,29
Compost unit 7 adet Number of recycling containers required (pieces) 799
Monthly amount of collected packaging waste (kg/month) 300000

dated tires is derived from industrial reports submitted to
the Karaman Environmental and Urban Planning Author-
ity. Additionally, the data on medical waste, as provided by
this authority, is based on submissions from healthcare es-
tablishments in Karaman.

Packaging waste data can be divided in two ways: the first
includes the packaging waste collected from industry and
industrial organizations throughout Karaman, and the sec-
ond includes the packaging waste information collected
only from Karaman within the scope of the separation at
source project. There are 433 recycling bins placed in Kara-

man by the licensed company. In addition, there are 5,950
indoor boxes distributed to households and workplaces. The
volume of recycling containers is 2 m* on average, and the
number of people per container is 375. Considering the re-
cyclable waste potential and the assumption that recycling
containers are collected every day, the waste volume per
container is 2.58 m’, and the container utilization factor is
calculated to be 129%. In Karaman, the segregation process-
es for recycling yield an average daily collection of 10,380
kilograms of recyclable materials by authorized collection
and sorting centers. The packaging waste gathered by the
certified facility in Karaman accounts for 5.6% of the total
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Table 2. Information on the amount of recyclable waste and
equipment collected separately at source

Waste information collected separately at the source

The amount of recyclable waste collected daily (kg/day) 10000

The volume of recyclable waste collected daily (m?/day) 176

Amount of waste per recycling container (kg) 24
The volume of waste per recycling container (m?) 0,41
Recycling container utilization factor 0,20

solid waste produced. Tables 1 and 2 provide a comprehen-
sive breakdown of the waste types produced in Karaman.

Collection and Transport Optimization

Container Layout and Waste Density Map

Container density, container layout maps, and average dis-
tances of containers to each other were calculated by means
of the ArcMap program within the framework of container
coordinates obtained from Karaman Municipality Clean-
ing Affairs Directorate. In this framework, the average
distance between the containers placed in Karaman is 33
meters, while the expected average distance is calculated to
be 72 meters. The average distance between containers at
the Atatiirk location is 86 meters, with an expected average
distance of 228 meters. The average distance between the
containers at the Carsi location is calculated as 73 meters,

with an expected average distance of 132 meters. For the
industrial site, the average distance between containers is
52 meters, with an expected average distance of 104 meters.
For Tabduk Emre location, the average distance between
containers is 58 meters, with an expected average distance
of 146 meters. For Yunus Kent right location, the average
distance between containers is calculated as 42 meters, with
an expected average distance of 146 meters.

Finding Existing One-Day Routes of Collection Vehicles
The current route information reflects the daily movements
of the Karaman Municipality Cleaning Affairs Director-
ate collection vehicles in the pilot areas. Coordinate data
obtained from vehicle tracking systems of vehicles collect-
ing in pilot areas was used. The coordinates received were
transferred to the ArcMap 10.5 program. After the path
information was downloaded using OpenStreetMap, it was
converted into a format that can be used in the ArcMap
10.5 program and roads were created. The current route
starts with the movement of the collection vehicles from the
garage and ends with their arrival at the disposal site. The
distance from the disposal site to the garage is 7.7 km, and
an average of 22 minutes is spent (Fig. 3).

According to the vehicle tracking system data obtained from
the Karaman Municipality Cleaning Affairs Directorate, the
average speed of the waste collection vehicles is 18 km/h.
While calculating the route in the ArcMap 10.5 program, the
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Table 3. Optimization summary of the pilot regions

Route Current route Optimization Earnings

Distance Time Fuel Distance Time Fuel Distance Time Fuel %

(km/day) (min/day) (L/day) (km/day) (min/day) (L/day) (km/day) (min/day) (L/day)
Atattirk 84 252 42 62 186 31 22 66 11 26
Cars1 46 139 23 18.5 55 9 27.5 84 14 60
Sanayi 44 131 21 28 85 14 16 46 7 36
Tabduk emre 46 139 23 40 121 20 6 18 3 13
Yunus Kent sag 43 130 21 32 97 16 11 33 5 26
Average 53 158 26 36 108 18 17 50 8 32

average speed of the vehicles was chosen as 20 km/h. The
time spent at each location versus the length of the route was
calculated based on this data. Atatiirk locality has a route
length of 84 km/day. After leaving the garage and completing
its course on the route, the time to arrive at the landfill is 4
hours and 12 minutes. Carst location has a route length of 46
km/day. After leaving the garage and completing its course
on the route, the time to reach the landfill is 2 hours and 19
minutes. The industrial site has a route length of 44 km/day.
After leaving the garage and completing its course on the
route, the time to reach the landfill is 2 hours and 11 minutes.
Tabduk Emre locality has a route length of 46 km/day. After
leaving the garage and completing its course on the route, the
time to reach the landfill is 2 hours and 19 minutes. Yunus
Kent Sag location has a 43 km/day route length. After leaving
the garage and completing its course on the route, the time to
reach the landfill is 2 hours and 10 minutes.

Optimization of Vehicle Routes

Considering the container layout in the existing 5 pilot re-
gions, the route optimization is planned with the starting
point being the Cleaning Works Directorate garage and the
ending point being the sanitary landfill. The Network An-
alyst module of ArcMap 10.5 software was used for solid
waste collection and optimum route determination. As a
result of the optimization conducted in the light of this in-
formation, it seems possible to achieve an optimization of
26% for the Atatiirk site, 60% for the Carsi site, 36% for the
Sanayi site, 13% for the Tabduk Emre site, and 26% for the
Yunus Kent Right site. The optimization summary is pro-
vided in Table 3.

CONCLUSION

There are 4,750 containers placed on the site for the collec-
tion of urban solid waste (garbage collection) in Karaman.
The number of people per container is 35. The average oc-
cupancy of the containers before they are emptied is 33%.
Despite this, citizens sometimes complain about the over-
flow of the containers during meetings with the Karaman
Municipality Cleaning Affairs Directorate. These results
indicate two things: the number of containers is sufficient
according to the container occupancy rate, and even more
containers are placed than necessary. However, it is clear

that the container layout lacks proper planning. This caus-
es extra stops and starts for the vehicles, leading to some
containers being overfilled while others remain empty. The
placement of the containers on the streets should be re-
planned based on the number of people per container, the
population impact diameter of the container, or the opti-
mum distance between containers [20-23].

There are 433 recycling bins placed in Karaman by a li-
censed company for packaging waste. Additionally, there
are 5,950 indoor boxes distributed to households and work-
places. The waste volume per container is 2.58 m?, and the
container utilization factor is 129%. These results show that
the existing recycling equipment is insufficient to collect
the recyclable wastes in the city. Furthermore, the existing
recycling containers are open, uncovered, and unprotected,
making them susceptible to collection by people known as
street collectors. This reduces the amount of waste that can
be collected by the licensed company from the recycling
containers and increases the company's costs. The number
of recycling equipment in Karaman should be increased,
and the containers should be modernized and protected
from external interventions [22-28].

To enhance the efficiency of collecting recyclable materials,
it is crucial to expand the availability of recycling bins and
equipment, increase the distribution of indoor containers
and recycling bags to public entities, organizations, and res-
idential buildings, and ensure these are collected at desig-
nated times. Additionally, encouraging active involvement
from individuals eager to contribute to recycling efforts is
essential [29-31].

When the container density in Karaman is analyzed with
the help of the ArcMap 10.5 program, the average distance
between the containers is 33 meters, while the expect-
ed average distance is 73 meters. This analysis shows that
the containers are too close to each other, which also ex-
plains the low container utilization factor. Container layout
should be re-planned based on the population, using the
container impact diameter or within the expected average
distance range [7, 17].

Existing and optimized routes were created using the Arc-
Map 10.5 program for 5 pilot regions in Karaman. The route
optimization studies have shown that an average of 32% op-
timization has been achieved, saving 17 km/day, 50 min/
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day, and 8 L/day of fuel on average in the 5 pilot regions.
In light of these results, it is possible to achieve a 32% gain
in both economic and temporal aspects and in reducing
the carbon footprint during the collection and transporta-
tion processes, which constitute the biggest expense item
of waste management (in the range of 65-80%). Similarly,
it is stated that a 27% gain in optimization studies can be
achieved in the literature [7]. For the integrated waste man-
agement system to be created and progressed economically
and systematically, after the container layout optimization
is done, the route determination process should be carried
out using systematic and scientific methods for the trans-
portation of wastes by collecting the containers. Thus, the
municipality will increase its economic gains with the Inte-
grated Solid Waste Management system while minimizing
the level of waste to be generated within the framework of
zero waste [26, 29, 30].
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ABSTRACT

This study investigated the removal of sodium isopropyl xanthate (SIPX) by capacitive deion-
ization using an ion exchange resin/PVDF electrode. The electrode was prepared by coating a
layer of ion exchange resin (Amberlite FPA54) and polyvinylidene fluoride (PVDF) on the car-
bon electrode. Batch experiments demonstrated that 96% of SIPX was removed through elec-
trosorption and electrochemical advanced oxidation processes at 1 V. Carbon disulfide (CS,)
was generated as a by-product of the xanthate oxidation. Adsorption/desorption cycle tests re-
vealed that the ion exchange resin/PVDF electrode has high adsorption capacity, and the max-
imum adsorption could not be achieved within 60 min of adsorption times. The total xanthate
removed in the final adsorption stage of eight cycles was 323 mg/m?, corresponding to 34.1%
of xanthate from a 20 mg/L xanthate solution that flowed 0.4 mL per min at 1 V for 60 min of
adsorption. At the end of the 30 min. desorption, 32.1% of the adsorbed xanthate was released
back into the solution and oxidized to CsS,, which was adsorbed by the electrodes in the follow-
ing adsorption stage. The percentage of the concentrate flow at the end of the desorption stage
was 33%. The findings of the study suggest that CDI is a promising tool for the mining industry.
However, further research is needed to evaluate its efficiency for specific mining applications.

Cite this article as: Oztiirk Y. Removal of sodium isopropyl xanthate by capacitive deioniza-
tion process. Environ Res Tec 2025;8(1)65-72.

INTRODUCTION

Mineral processing operations consume significant
amounts of water. Mining represents a small fraction of to-
tal water use worldwide but has a major effect on the quan-
tity and quality of water resources at mine sites [1]. Envi-
ronmental concerns have led to the need to reuse water to
conserve freshwater resources [2].

Froth flotation is the most water intensive process in min-
ing operations due to the significant water usage involved.
However, among the other mineral processing methods it
is the most affected by water quality [3]. Water reuse in flo-
tation results in the accumulation of dissolved compounds
that change the chemistry of the system and often have a
detrimental effect on recovery and grade [4].

*Corresponding author.
*E-mail address: yozdil@hacettepe.edu.tr

Xanthates are common collectors used in the flotation of
sulphide minerals. They are not stable. Upon oxidation
and hydrolysis, they form species such as perxanthate,
monothiocarbonate, and dixanthogen, which affect the ac-
tion of the collector [5]. In addition, the remaining xanthate
and its degradation compounds in the process water can
reduce the selectivity among minerals [4]. Although many
flotation plants reuse tailings water at high levels, some dis-
charge may occur. Without proper treatment, releases to
the environment can result in contamination of water re-
sources at the mine site. This study offers a novel and effec-
tive method for the removal of xanthate, aiming to reduce
environmental impacts and conserve water resources.

In the last decade, xanthate removal via chemical oxidation
using ozone [6], hydrogen peroxide, Fenton, and solar pho-

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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tofenton processes [7], biodegradation [8], and adsorption
by bentonite [9], montmorillonites [10], and activated car-
bon [11] have been extensively studied. The drawbacks of
conventional methods, such as high reagent consumption,
slow removal rate, and by-product formation, have led to
the investigation of treatment methods that reduce xanthate
to small molecules such as CO,, H,0, and SO,*. For this
purpose, the electrochemical advanced oxidation process,
which utilizes very powerful oxidizing hydroxyl radicals
(-OH), was employed to eliminate xanthate from flotation
water. During the process, 95% of the xanthate was removed
by producing carbon disulfide as an oxidation product,
which was removed by the electrodes to some extent [12].

Electrosorption, also known as capacitive deionization
(CDI), is a two-stage desalination process; the first stage
is an ion electrosorption process that immobilizes ions on
pairs of carbon electrodes to purify water. The second stage
is the regeneration of the electrodes through the release of
the adsorbed ions [13]. CDI has recently become an ener-
gy-efficient and cost-effective water treatment method as
it requires lower operational voltages than other technol-
ogies such as reverse osmosis (RO), electrodialysis (ED),
and distillation. Besides, unlike membrane-based methods
such as RO and nanofiltration, CDI does not require the
use of high-pressure pumps or membranes [14]. The en-
ergy demand of the CDI process is approximately 0.1-1.5
kWh/m’, depending on the influent concentration and
the effluent requirements. On the other hand, the typical
energy requirement for RO treatment of feed water with a
salinity of less than 5 g/L is about 0.8-2.5 kWh/m?®. Other
emerging technologies, such as membrane CDI (MCDI)
and flow-electrode CDI (FCDI), can further improve the
energy efficiency of treatment compared to CDI [15].

Activated carbon (AC) is a viable electrode material due
to its characteristic properties such as high pore volume,
pore size, and pore connectivity, in addition to electronic
conductivity and electrochemical stability. However, it has
several limitations impeding its desalination capacity [16].
Various studies in the literature have shown that combin-
ing AC with other materials improves its desalination per-
formance. For instance, adding ion exchange resin to the
electrode improved performance by 35% due to increased
hydrophilicity [17]. The anion exchange resin/QPVA coated
carbon electrode removed sulfate selectively [18]. The AC
electrode loaded with titanium dioxide improved the desali-
nation performance by 62.7% [19]. Reduced graphene oxide
and activated carbon composite (GAC) is a promising ma-
terial with higher electrosorption capacity mainly based on
the advantages of graphene acting as a bridge to form a con-
ductive network, that prevents the aggregation of AC [20].

This study investigated the removal of SIPX by capacitive
deionization. An electrochemical cell was fabricated us-
ing a carbon electrode coated with an ion exchange resin/
PVDF layer as the anode and a cation exchange membrane
attached to the carbon electrode as the cathode. The fab-
rication and characterization of the resin/PVDF electrode
are presented here. The process efficiency was evaluated by
batch and continuous flow experiments.

Table 1. Characteristics of the ion exchange resin*

Amberlite FPA54

Copolymer Crosslinked phenol-formaldehyde
polycondensate

Matrix Highly porous

Functional group Tertiary amine

Physical form Gray, opaque, granules
Ionic form as shipped Free base

Total exchane capacity >1.8 Eq/L

Water retention capacity 60-65%

Particle size 470-740 pm

*Manufacturer supplied.

S
)\OJ‘LS. Na’

Figure 1. Structural formula of sodium isopropyl xanthate (SIPX).

MATERIALS AND METHODS

Powdered activated carbon (PAC; CEP-21K, PCT Co., sur-
face area of 2040 m?*/g) was used to fabricate electrodes. A
cation exchange membrane with an exchange capacity of
2.0 mol/kg was received from Shanghai Shanghua, LLC. A
weak base anion exchange resin (Amberlite FPA-54) was
purchased from DOW. Characteristics of the ion exchange
resin are given in Table 1. Polyvinylidene fluoride (PVDE
molecular weight: 534,000 g/mol) and N, N-Dimethylfor-
mamide (DMF 299.8%) were obtained from Sigma Al-
drich. Sodium isopropyl xanthate (SIPX) was provided by
a commercial supplier. The structural formula of SIPX is
presented in Figure 1.

Preparation and Characterization of Electrodes

The carbon electrodes consisted of 90% PAC and 10%
PVDF binder, based on the total electrode mass. The
preparation of the electrodes consisted of three main
steps: preparing the slurry, casting, and drying. To pre-
pare the slurry, PVDF was dissolved in DMF (4%) by
mixing for 1 hour. After complete dissolution, PAC was
added to be 90% of the total mass. The resulting mixture
(30% solids) was stirred overnight for homogenization.
The carbon slurry was then cast onto the graphite sheet
with a thickness of 300 pm using a flow coater (Newport,
USA). The electrodes were dried at room temperature af-
ter deposition.

Ion exchange resin, AMBERLITE FPA54 was used to fab-
ricate anode by casting a layer of PVDF and grounded res-
in on the carbon electrode surface. To prepare the slurry
AMBERLITE FPA54 resin was grinded by mortar grind-
er (Retsch RM200, Retsch Gmbh, Germany). The ion ex-
change resin powder was mixed with 10% PVDF at a 1:1
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Figure 2. Schematic diagram of bench-scale desalination test setup [13] (a) and photograph of the CDI cell (b).

resin to PVDF ratio. Ion exchange resin/PVDF slurry was
deposited on the carbon electrode with a thickness of 30
pum and dried at room temperature.

The size of ground resin was measured by dynamic light
scattering using a Zetasizer (Brookhaven, OMNI, USA).
The surface and cross-sectional morphologies of the ion ex-
change resin/PVDF electrode were characterized by scan-
ning electron microscopy (TESCAN, GAIA3, Triglav, Brno,
Czech Republic).

Desalination Experiments

A schematic representation of the bench-scale capacitive
deionization test setup is given in Figure 2. The feed solu-
tion was pumped with a peristaltic pump (Cole Parmer,
Masterflex, LS Easy Load 7518-00, USA) through a flow
by type capacitive deionization cell. A potential was ap-
plied by using a potentiostat (Gamry PCI-4750, Warm-
inster, PA, USA) during the process. pH of the effluent
solution was measured. The CDI cell consisted of two
electrodes, an ion exchange resin/PVDF coated carbon
electrode as the anode, and a cation exchange membrane
placed on top of the carbon electrode as the cathode. The
size of the electrode was 10X50 mm. The electrodes were
separated from each other by a non-conductive nylon
separator. In all experiments, the flow rate of the solution
was 0.4 mL per minute.

Batch electrosorption tests were conducted to observe the
xanthate removal efficiency by capacitive deionization. 20
ml SIPX solution at various concentrations; 10 mg/L, 50
mg/L, and 100 mg/L was cycled through the CDI test setup
for 24 hours at 1 V. The final concentration of the solution
was measured by UV-Vis spectrophotometer (Multispect
1501, Shimadzu, Kyoto, Japan) to determine the concentra-
tion of residual SIPX.

Continuous flow tests were performed for adsorption/de-
sorption periods of 60 minutes and 30 minutes, respective-

ly. The influent concentration of SIPX solution was 20 mg/L.
The operating voltage was set to 1 V for adsorption and -10
V for desorption. A multi-step potential method was used
to maintain a constant voltage during operation by poten-
tiostat. Effluent samples were collected continuously at 10
min. intervals for adsorption and 3 min. intervals for de-
sorption for the determination of SIPX by UV-Vis spectro-
photometer. Four adsorption and desorption cycles were
conducted before sampling, and then data collection began
for four cycles after ensuring the system had reached a dy-
namic steady state.

Process efficiency was determined by the amount of total
salt removed (SR, mg/m?* (eql)) and salt removal efficiency
% (SRE %, (eq2)) during the adsorption stage.

_ Q fi(c—cp)ar
Ae

J(€i—Cp)d
#xmo% )

SR (D

SRE[%] =

Q: flow rate (L/s); Ci: initial concentration (mg/L); Cf: final
concentration (mg/L); t: time (s); Ae: effective frontal area
of the anode (m?).

Cost Analysis
The energy consumption for the adsorption and desorption
steps was approximately determined using eq3 [21].

Energy Demand for Ads.and Des.= (55) = (a™ss) + (pfesiees) (3)

m

Tads: average current for adsorption (A); Vads: average volt-
age for adsorption (V); Ides: average current for desorption
(A); Vdes: average voltage for desorption (V); Q: flow rate
(m*/h); a: water recovery rate; b: concentrate flow rate.

The unit price of electricity ($0.08/kWh in US Dollars) pro-
vided by the Turkish Electricity Distribution Corporation
was used to convert energy consumption into cost [22].
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Figure 3. Size distribution of resin powder after grinding.

RESULTS AND DISCUSSION

Characteristics of the Resin/PVDF Electrode

Figure 3 illustrates the size distribution of the resin pow-
der after grinding, with an average particle diameter of 447
nm. The SEM images of the resin/PVDF electrode surface
and cross-section given in Figure 4 demonstrated a uni-
form distribution of resin nanoparticles. They showed that
the thickness of the carbon layer was approximately 195
pum. Resin/PVDF coating resulted in a dense surface with
a thickness of ~38 pm. The size of the resin particles varied
between 0.2 um and 0.6 um (Fig. 4).

Desalination Experiments

20 ml of SIPX solution with three different concentrations
of 10 mg/L, 50 mg/L, and 100 mg/L was recycled through
the CDI cell at a flow rate of 0.4 mL/min and 1 V for 24
hours. The UV spectra of the effluent solutions are present-
ed in Figure 5. Absorptions at 226 nm and 301 nm corre-

sponded to residual xanthate in the effluent. The concentra-
tions of SIPX in the effluent were 0.94 mg/L, 2.59 mg/L, and
4.46 mg/L for the 10 mg/L, 50 mg/L, and 100 mg/L influent
solutions, respectively.

In acidic media, water discharges on the electrode, lead-
ing to the production of hydroxyl radicals (-OH) on the
electrode surface (eq4). These radicals facilitate the elec-
trochemical oxidation of organic compounds. The electro-
chemical oxidation of an organic compound by -OH then
occurs on the anode surface (eq 5) [23].

M+H,0->M(-OH)+H"+e
M(-OH)+R->M+OxidationProducts+H*+e

M: the electrode, R: the organic compound.

(4)
(5)

A peak was detected at 206 nm in the UV spectra of 50
mg/L and 100 mg/L SIPX solutions (Fig. 5). It indicated the
formation of carbon disulfide (CS,) [24] by electrochemical
oxidation of the -CSS- group of the xanthate by hydroxyl
radicals during the process [6]. The CS, peak was not de-
tected in the UV spectrum at an influent xanthate concen-
tration of 10 mg/L due to the absorption of the released
CS, by the electrode. As the initial xanthate concentration
increased to 50 mg/L and 100 mg/L, the amount of carbon
disulfide in the effluent increased since the resin/PVDF
electrode reached its maximum absorption capacity.

Total xanthate removal was 3800 mg xanthate per m” of elec-
trode in 20 mL of 100 mg/L SIPX solution. For solutions
containing 10 mg/L, 50 mg/L, and 100 mg/L SIPX, 91%,
95%, and 96% of the xanthate was removed, respectively.

Adsorption/desorption cycle tests were performed with 60
min. adsorption and 30 min. desorption phases for eight
cycles to investigate the removal efficiency of xanthate from

A 027 um

4 029 pm

SEM MAG: 20.0 kx | View field: 10.4 pm I 11t

GAIA3 ‘rssgﬁ 5'1
Det: SE HUNITEK (Lb.l

Date(m/dly): 07/06/23

WD: 15.38 mm
HiVac
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LY, G G, T v

View field: 415 pm | |
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SEM MAG: 500 x
Det: SE

Figure 4. SEM images of surface (a) and cross-section (b) of resin/PVDEF electrode.
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Figure 5. UV spectra for 20 mL SIPX solutions with the initial
concentrations of 10 mg/L, 50 mg/L and 100 mg/L after batch
electrosorption for 24 h at 1V.

the initial concentration of 20 mg/L SIPX solution. The ap-
plied voltage was set to 1 V for adsorption and -10 V for
desorption stages. The xanthate solution was continuously
passed through the system at a flow rate of 0.4 mL/min.

The UV spectra of the final adsorption/desorption cycle
are illustrated in Figure 6. According to the results pre-
sented in Figure 6a, the xanthate peak at 301 nm decreased

with time, indicating that SIPX was removed during the 60
min. adsorption step. The concentration of SIPX reduced
from 20 mg/L to 12.5 mg/L at the end of the adsorption
stage. An absorption peak at 206 nm was detected in the
effluent sample collected during the first 10 min. of the
adsorption stage (A-10 min.), which could be attributed
to the formation of CS, during the desorption step in the
previous cycle [12].

In the desorption stage, the compounds adsorbed by the
electrodes were released back into the solution. It was clear-
ly shown that the amount of xanthate and carbon disulfide
increased during 30 min. of the desorption stage resulting
in the regeneration of the electrode surface (Fig. 6b).

Changes in SIPX concentration during 60 min. adsorp-
tion and 30 min. desorption times for the last four ad-
sorption/desorption cycles were given in Figure 7. Based
on the results, it can be concluded that the resin/PVDF
electrode had a high adsorption capacity and did not
reach its maximum adsorption during 60 min. of adsorp-
tion step. Some of the xanthate adsorbed on the electrode
surface during the adsorption stage was desorbed in the
30 min. desorption stage, but complete desorption could
not be achieved.

@
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Figure 6. UV-spectra of the final adsorption/desorption cycle for the initial concentrations of 20 mg/L SIPX; a) 60 min. of ad-
sorption times at 1 V and b) 30 min. of desorption times at -10 V
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Figure 7. Changes in SIPX concentration during 60 min. adsorption and 30 min. desorption times for the last four adsorption/

desorption cycles at an influent concentration of 20 mg/L.
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Figure 8. Desalination performance of the electrode; (a) total xanthate removal and (b) xanthate removal efficiency during 60
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Figure 9. Changes in pH during 60 min. adsorption and 30 min. desorption times for the last four adsorption/desorption cycles

at an influent concentration of 20 mg/L SIPX.

The desalination performance of the resin/PVDF coated elec-
trode was assessed by the amount of total xanthate removal
and xanthate removal efficiency % during the adsorption stage.
Figure 8 illustrates the desalination performance of the elec-
trode during the process. According to the results presented in
Figure 8a, in the fifth adsorption cycle, 401 mg/m? of xanthate
was removed, while in the last cycle, it decreased to 323 mg/
m?, corresponding to 42% to 34.1% of xanthate removal (Fig.
8b). The water recovery for the final adsorption stage was 67%.
At the end of the 30 minutes of desorption in the last cycle,
103.9 mg/m? of the xanthate was recovered, corresponding to
32.1% xanthate recovery. The percentage of concentrate flow
at the end of the final desorption stage was 33%.

Changes in pH during adsorption/desorption cycles were
monitored online during the treatment and the results were
presented in Figure 9. The pH of the initial solution was
measured as 5.39. During the desorption stage, the pH de-
creased to 4.11, which was attributed to the production of
hydroxyl radicals, resulting in the electrochemical oxida-
tion of xanthate to CS, [25].

Cost Analysis

In this study, cost analysis was conducted by considering
the energy consumption during both the adsorption and
desorption stages. The average applied voltage and current

were utilized to calculate the energy requirements for the
process. During the adsorption phase, a voltage of 1.0 V
and a current of 0.23 mA were observed. In the desorption
phase, a voltage of -10 V and a current of 1.07 mA were
measured.

The cost analysis indicated that the energy demand for the
treatment was 0.154 kWh/m’, corresponding to a cost of
0.013 $/m°. This demonstrates that capacitive deionization,
known for its cost-effectiveness and low energy consump-
tion in the range of 0.1 to 1.5 kWh/m?® [15], is highly effec-
tive in removing xanthate.

CONCLUSION

The results obtained from this study are summarized below:

« Batch experiments showed that 96% of xanthate corre-
sponded to the 3800 mg xanthate per m? of the elec-
trode, which was removed from 20 mL of 100 mg/L
xanthate solution that flowed 0.4 mL per minute at 1
V for 24 h via electrosorption and electrochemical ad-
vanced oxidation processes.

+ Carbon disulfide (CS,) was generated as a by-product of
xanthate oxidation and was adsorbed to some extent by
the electrode.
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o Both batch and cycle tests demonstrated that the ion ex-
change resin/PVDF electrode possesses a high adsorp-
tion capacity. However, maximum adsorption was not
reached within 60 minutes.

« The amount of xanthate removed over the last four ad-
sorption cycles decreased from 401 mg/m? to 323 mg/
m?, which corresponds to 42% to 34.1% of xanthate
removal.

o At the end of the desorption stage, 32.1% of the ad-
sorbed xanthate was released back into the solution and
oxidized to CS,.

o The pH of the initial solution decreased due to the pro-
duction of -OH during the desorption stage.

« The impact of operating parameters such as adsorption/
desorption cycle times, applied voltage, and flow rate on
desalination performance should be further investigat-
ed to improve the process.

« CDI is promising for long-term desalination, but the
electrodes may degrade over time. Therefore, the long-
term performance of the resin/PVDF electrode should
be monitored to determine the overall performance of
the process.

o The study highlights CDI's potential for long-term
desalination in the mining industry but also notes
that the electrodes may degrade over time. Future
research should focus on optimizing operating pa-
rameters such as adsorption/desorption cycle times,
applied voltage, and flow rate to enhance process
efficiency. Additionally, the long-term performance
and stability of the resin/PVDF electrodes should be
monitored to assess their overall efficacy in practical
applications.
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INTRODUCTION

ABSTRACT

The management of huge waste generated from crop harvesting and processing has continued
to create challenges and constitute an environmental nuisance. Inappropriate disposal and
open-air burning of crop residues exacerbate environmental pollution, escalate bush burn-
ing and deforestation, and impact human health. Mixing, processing, and conversion of crop
residues to form useful composites for various applications remain one of the economical,
eco-friendly, and sustainable strategies for its management. The study constructed composites
by mixing different ratios of unripe plantain peel (UPP) and coconut fibre (CCF) with an
appropriate binder and hardener. The fabricated composites were subjected to mechanical,
compositional, and morphological analyses. The outcomes of the tests show that the hard-
ness, tensile strength, and impact strength only UPP is 97.8 RHN, 411 MPa, and 9 818 J/m?,
respectively while the CCF/UPP composite is 98.5 RHN, 538 MPa, and 12 273 J/m?, respec-
tively. The wear rate of UPP is 0.56 cm?/m while that of the CFF/UPP composite is as high as
0.73 cm’/m and increases with increased load. Silicon, oxygen, and aluminium are the major
constituents of the composite samples as revealed by the compositional analysis. The tensile
strength, hardness, impact, and wear rate of UPP can be boosted by the blending of CFF to
form homogenous composites. The outcome of this study will deepen the literature and esca-
late research into the conversion and utilization of crop residues for diverse applications. The
usage of innovative technologies and energy-eflicient techniques should be adopted for the
processing, modification, and conversion of crop residues.

Cite this article as: Ojo AA, Awogbemi O, Bello KA. Experimental determination of mechan-
ical properties and characterization of selected crop residues. Environ Res Tec 2025;8(1)73-80.

data, the total waste generation which was 2 billion metric
tons (BMT) in 2016 has been estimated rise to 2.6 BMT

Sustainable waste management is one of the challenges
facing humanity in this generation. The problem of waste
management has been exacerbated by increased waste gen-
eration across various sectors and countries. Due to esca-
lating global population, increased food production and
consumption, industrialization, and urbanization, glob-
al waste generation has continued to rise. From available

*Corresponding author.
*E-mail address: jolawogbemi2015@gmail.com

in 2030 and further to 3.4 BMT in 2050, globally [1]. The
agricultural sector contributes significantly to global waste
generation and the trend is expected to continue into the
foreseeable future. Increased production, processing, and
consumption of food to feed the human beings and animals
and provide the needed raw materials for the industries are
some of the contributors to increased waste from the agri-

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


https://orcid.org/0000-0002-4185-6644
https://orcid.org/0000-0001-6830-6434
https://orcid.org/0000-0003-2543-2590

74

Environ Res Tec, Vol. 8, Issue. 1, pp. 73-80, March 2025

cultural sector. Crop residues form a significant part of the
waste generated from the agricultural sector. The agricul-
tural sector produces an average of 23.7 million tons of food
daily, worldwide [2]. Food production from the agricultural
sector has increased significantly over the last few decades
due to accelerated population growth, the introduction
of innovative agricultural practices, the development of
high-yielding crops, and the introduction of technological
and mechanized farming [3]. Crop residues are leftovers
or remnant materials after agricultural products have been
harvested, eaten, or processed. Common classifications of
crop residues include peels, straws, husks, bagasse, shells,
cobs, stovers, stubbles, etc. [4].

Plantain peel (PP) is the fleshy outer covering of a plantain
fruit. It is bright green when unripe but becomes light yel-
low when ripe. Plantain is a major source of carbohydrates
and is mostly consumed in Africa, the Caribbean, Latin
America, Asia, and the Pacific. Plantains are usually cooked,
roasted, boiled, and steamed, and can be processed into
flours, snacks, and animal feed, and used as raw materials
for food and beverage industries [5]. Nigeria, Cameroon,
Ghana, and Uganda have dominated global plantain pro-
duction in recent years with Nigeria producing 3.09 mil-
lion metric tons (MMT), 3.08 MMT, and 3.8 MMT in 2016,
2020, and 2021, respectively (Fig. 1) [6-8]. Inappropriate
disposal of plantain peels constitutes sanitation hazards, at-
tracts flies, cockroaches, and other pathogens, and impacts
human health. Plantain peel helps in wound healing, treat-
ment of skin disorders, and hastens cell regeneration [4].

Coconut fiber (CCF) is a natural fiber extracted from the
husk of a coconut. It is the outermost part of the coconut
and directly shields the coconut shell. Coconut is one of the
world’s most versatile products and it is a drupe consisting
of a fruit, seed, and nut. The fiber of an average coconut
weighs about 0.80 kg and constitutes about 47.75% of the
weight of the coconut [9]. The global production of coco-
nut increased from 51. 66 MMT in 2000 to 59.85 in 2016
and further to 63.7 MMT in 2021 with over 84% coming
from Asia [10]. India, the Philippines, and Indonesia have
dominated global coconut production in recent years with
14.3 MMT, 14.7 MMT, and 17.2 MMT in 2021, respectively
[11]. Over the past few years, Nigeria's coconut production
has hovered around 0. 225 MMT (Fig. 2) [10]. CCF can be
burned or converted to activated carbon, biochar, or made
into briquettes for cooking. It can also be used as aggre-
gate for concrete and road construction, as a natural filler
in composites for thermal lagging, as production of phy-
tochemicals and biofuels, as absorbents, and in automotive
and construction applications [12].

In other to enhance the physicochemical, mechanical,
thermal, electrical, structural, and compositional proper-
ties and behaviour of some materials or machine parts,
other materials are added. Composite waste is a heteroge-
neous mixture of powder produced from some waste ma-
terials to advance the properties and enhance the applica-
bility of the new materials. Various mechanical including
tensile, hardness, wear, impact, etc., and compositional,
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Figure 1. Top four plantain producing countries compiled
from [6-8].
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Figure 2. Coconut production in selected countries adapted
from [10, 11].

morphological, and thermal techniques including scan-
ning electron microscopy (SEM), thermos gravimetric
analysis (TGA), Derivative Thermo gravimetry (DTG),
Fourier transform infrared spectroscopy (FTIR), energy
dispersive x-ray (EDX), x-ray diffraction (XRD), etc. have
been deployed to characterize composites. Akash et al.
[13] Mathew et al. [14], and Vinod et al. [15] carried out
tensile, hardness, corrosion resistance, morphology, FTIR,
XRD, SEM, TGA, etc. of some waste-derived composites.
These tests and characterization technologies are per-
formed to predict the features, behaviour, and potential
application of composites. In a series of studies, Dwivedi
et al. [16], Sujin Jose et al. [17], and Suresh Kumar and
Mohanavel [18] demonstrated how the addition of CCF
powder reinforced and improved the physical, mechani-
cal, thermal, structural, and fire resistance properties of
different materials for various applications. Similarly, Ad-
eniyi et al. [19], Kilani et al. [20], and Akpan et al. [21]
reported that the reinforcement of polyester and epoxy
composites with PP powder enhanced the surface finish,
workability, consistency, impact, compressive and tensile
strengths, hardness, anti-corrosion, and other mechanical
properties of the composites. The use of crop residues as
composite materials are cost-effective, eco-friendly, bio-
degradable, renewable, sustainable, and recyclable. Also,
the crop residues are readily available, easy to modify, and
to ensures material recovery, and their applications con-
tribute to circular economy [22-24].
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Figure 4. Preparation of CCF sample (a) CCF as collected, (b)
pulverized CCF sample.

Despite the outcome of a plethora of research works on
this subject matter, in the opinion of the authors, there are
still not many investigations on the use of a blend of un-
ripe plantain peel (UPP) and CCF as composites. This is the
motivation for the present intervention. The study aims to
investigate the mechanical properties of various blends of
UPP and CCF as composite materials. Specifically, the com-
posite generated from the blend of UPP and CCF is subject-
ed to hardness, impact, tensile, and wear tests. The samples
are also characterized by SEM and EDX. The scope of the
current research is restricted to laboratory mechanical and
characterization investigations of composites produced
by the combination of UPP and CCE The outcome of this
laboratory investigation will update the information avail-
able on the mechanical, compositional, and morphological
properties of the produced composites. The novelty of this
work is in the determination of the effects of the mixing
ratio of UPP and CCF on the mechanical properties and
characterization of the fabricated composites.

MATERIALS AND METHODS

Materials Collection and Preparation

The UPP was collected from roadside plantain roasters and
other consumers within Ado Ekiti metropolis and trans-
ported to the laboratory in a plastic bag. At the laboratory,
the UPP was washed in running distilled water to eliminate
any unwanted substance. The clean UPP were first sundried
for 7 days, further dehydrated in an oven maintained at 70
°C for 5 h, crushed by mortar and pestle, pulverized into a
fine powder with an electric coffee grinder, and sieved using
a 75 um mesh sifter. The powdered UPP was deposited in
a dry airtight glass vial for analysis. Figure 3 shows the pic-
tures of the UPP sample preparation process.

Figure 3. Preparation of UPP sample (a) UPP as collected, (b) sundried UPP, (c) grinding process, (d) sieving of UPP sample.

Table 1. Details of samples composition

Sample UPP CCF Epoxy resin Hardener
notation (g) (g) (g) (g)
A 30 20 100 50
B 35 15 100 50
C 40 10 100 50
D 50 0 100 50

UPP: Unripe plantain peel; CFF: Coconut fiber.

The CCF wastes were collected at the point of extraction
in the coconut farms near the University campus and con-
veyed to the laboratory in a clean plastic bag. The UPP was
washed in running distilled water to remove the dirts and
other impurities, sundried for 10 days, dried at 70 °C for 10
h in an oven, crushed by mortar and pestle, pulverized into
a fine powder with an electric coffee grinder, and sieved us-
ing a 75 um mesh sifter. The CCF powder was stored in a
dry airtight glass vial for analysis. Figure 4 shows the pic-
tures of the CCF sample preparation process.

Epoxy resin and hardener, in analytical grade, were pur-
chased from chemical store in Ado Ekiti. The UPP, CCF,
epoxy resin, and hardener were carefully measured and
weighed using a digital weight balance, thoroughly mixed
together, poured into a prepared mould, and labelled as
samples A - D as shown in Table 1.

Methodology
The prepared samples A — D were subjected to hardness,
impact, tensile, wear, SEM, and EDX analysis. The reading
for each sample was taken three time to improve the accu-
racy of the result. The average of the three value is recorded
and tabulated.

Hardness Test

The hardness test was carried out using a Rockwell Hard-
ness Tester (MVHO03, Hardness gauge, China), as shown be-
low using a 0.83325 mm diameter diamond indenter, as per
the ASTM E384 standard. A 100 kgf load was applied for
an average of 18 s. Following that, the readings were taken
from the A scale while taking the appropriate precautions.
The purpose of this test was to determine the specimen's
Rockwell hardness number. The procedures include secur-
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ing the clean sample on the anvil and ensure the load lever
is in position A. Note the diameter of the ball and elevate
the specimen so that it comes into contact with the indenter
and ensure the deflecting meter on the small scale doesn’t
exceed the red point. The sample is put under a preliminary
load by selecting 60 N on the load selector. The load lever
was moved from position A to position B and left for at least
15 s as the load is gradually applied. The pointer is allowed
to come to rest and reading on the hardness scale B is read.
The sample was removed from the support table to allow
for the identification of the indentation made using mi-
croscope and measurement of the indentation diameter ‘d’
through the attached micrometer. The process is repeated
three times to ensure accuracy. The procedures are repeated
for other samples.

Tensile Test

A computerized Instron Testing Machine (INSTRON 3365,
Engstrom, United States) was used to carry out the tensile
strength of the samples according to ASTME 8 standard
at room temperature. Three identical test specimens were
produced from each sample and were tested with a strain/
loading rate of 5 mm/min. Load displacement plots were
obtained on a X - Y recorder. The ultimate tensile strength,
yield strength and percentage elongation values were calcu-
lated from this load displacement diagrams.

To start with, the required length of the sample was mea-
sured and inserted into the grips of the machine. The load
and displacement on the digital indicator were set to zero
and the load application was initiated by pressing unload
(blue) button on the tensile machine and record load versus
elongation data. The process is continued until the sample
fractures. The length of the fracture specimen was mea-
sured to get the total elongation at fracture. The process was
repeated for all the samples.

Impact Test

The samples were machined into the standard impact test
specimen dimension (55 mm x 10 mm x 10 mm), a 2 mm
deep V-notch was grooved into the center of the specimen
A at 45 °, as shown in Figure 5. The impact test was car-
ried out at room temperature using Charpy Impact Tester
(PCICIT-1, Pacorr Testing Instruments Pvt. Ltd., India).
During the process, the specimen is placed in the Charpy
Impact Testing machine’s vice in such a way that the notch
backing the hammer and is positioned centrally on the
vice and the hand brake for the pendulum was pulled and
the pendulum returned to its locked position. The Impact
Energy (IE) absolved was read out from the scale and re-
corded. The Impact Energy (IE) and Impact Strength (IS)
of each sample were calculated using equations 1 and 2 and
the procedure was repeated for all the samples.

Impact Energy (IE) = % 1)) (1
Impact Strenght (IS) = % (j/mz) (2)

Where: E= Energy required to fracture the sample (J) and
A= Surface Area of the sample (m?).

45

N
M

55

10

Figure 5. Impact test specimen.

Wear Test

The wear test was performed using Anton Paar GmbH
(CSM Instruments Austria). During the process, the tri-
bometer is connected to the computer system installed with
the appropriate software. Key in the input parameters such
as track diameter, linear speed (cm/s), speed (RPM), dis-
tance travelled/laps, and load. The test sample is mounted
on the Jaw Chuck of the machine, while the tribometer arm
that grips the ball is lowered on the sample. Initiate the test
and at the end of the set distance, the tribometer stops auto-
matically and the recorded result is saved. The procedure is
repeated for other samples.

Scanning Electron Microscopy Analysis

The SEM analysis was performed on the samples using
SEM (Phenom ProX, phenomWorld Einhoven, Nether-
lands). The sample was mounted on double adhesive on
a sample stub and coated with 5 nm gold using a quo-
rum technologies model Q150R sputter coater. It was
then delivered to the SEM machine's chamber, where it
was examined through NaVCaM for focusing and mi-
nor adjustments, then transferred to SEM mode, where it
was focused and brightness contrasting was automatical-
ly changed, and the morphologies at a magnification of
x9000 under vacuum condition were obtained. This pro-
cess was repeated for other samples.

Energy Dispersive X-ray Analysis

The compositional analysis was performed on the sam-
ples using the EDX detector attached to the SEM (Phenom
ProX, phenomWorld Einhoven, Netherland). The samples
which were prepared under similar conditions described in
Section 2.2.5 were loaded into the scanning electron mi-
croscopy system with a magnification of x9000 under vac-
uum condition. From the EDX scan of the loaded sample,
the EDX spectra and the element percentage composition
by weight were obtained.

Statistical Analysis

The data were subjected to descriptive statistical analysis.
The descriptive statistical analysis involves the calculation
of the mean, standard deviation (SD), coeflicient of varia-
tion (CV %), and standard error of the mean (SEM) of the
data obtained from the results.

e 2
Z(xtN D) (3)

Where SD =
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Figure 6. Hardness of samples.
o — SD
CV% = . ——x100 (4)
SD
SEM = i (5)

N= Population size, x, = each value from the population,
and y= mean.

RESULTS AND DISCUSSION

Hardness

The result of the Rockwell hardness test shows that there is
no substantial disparity in the values for the samples. Sam-
ple B presented the highest hardness of 98.5 while sample A
hardness number was 97.3. The average hardness for sam-
ples was 97.9, as shown in Figure 6. These results show that
the addition of CCF to UFP has a very slight impact on the
hardness of the UPP. However, the addition of CCF to UPP
to form a composite slightly increased the hardness value
when compared with the hardness value for the UPP. These
results are in harmony with earlier submission of Jacob et
al. [25] and Akpan et al. [21]. The implication of this test is
that mixing CCF with UPP does not significantly increase
the hardness of the composite and supports its utilization as
concrete admixture and other industrial applications.

Tensile

The tensile strength, breaking load, and stress of the sam-
ples are shown in Figure 7. The average tensile strength for
the composite is 428 MPa while the average breaking load
is 705 N. The addition of CCF increases the tensile strength,
breaking load, and stress of the UPP. Sample A with the
UPP and CCF mixture at a ratio of 3:2 presents the highest
breaking load, tensile strength, and stress when compared
with other samples and is higher than the average values.
One of the ways to enhance the tensile strength and break-
ing load of UPP is to add some percentage of CCF or other
agricultural waste powder to it. This will promote the com-
posite tensile strength and empower it to withstand more
load before breaking [21, 26].

Impact

The impact test results show that sample D which is wholly
UPP and has no CCF has an impact energy of 216 ] and
impact strength of 9818 J/m? which is lower than the av-

1000 +

mmm Breaking Load (N) mssm Tensile Strength (MPa) —@—Stress (MPa)|

Breaking Load (N) & Tensile Strenght
(MPa)
(=)}
Stress (MPa)

A B C D Average

Figure 7. Breaking load, tensile strength, and stress of samples.
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Figure 8. Impact strength and impact energy of samples.
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Figure 9. Wear rate of samples at different load.

Table 2. The wear rate of samples

Sample Wear rate (cm?/m)
A 0.73
B 0.44
C 0.59
D 0.56

erage value of 233 ] for impact energy and 10625 J/m?* for
impact strength. The impact strength for samples A, B, and
Cis 10182 J/m? 10227 J/m?, and 12273 J/m? respectively, as
shown in Figure 8. The result implies that one feasible way
to improve the impact strength and impact energy of UPP
composite is to blend it with CCF [27, 28]. Composites with
enhanced impact strength are used for various industrial
products and other specialized purposes.
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Table 3. Statistical analysis of the data

Parameters Samples Mean SD CV (%) SEM
A B C D
Hardness number 97.3 98.5 98 97.8 97.9 0.49 0.51 0.249
Tensile strength (Mpa) 538.6 345.9 414.2 411.5 427.6 80.49 18.82 40.243
Breaking load (N) 888.8 570.8 683.4 678.9 705.5 132.84 18.83 66.419
Stress (MPa) 10.9 6.9 8.3 8.5 8.7 1.66 19.08 0.831
Impact strength (J/m?) 10182 10227 12273 9818 10625 1113.82 10.48 556.912
Impact energy (J) 224 225 270 216 233.7 24.5 10.48 12.25
Wear rate (cm®/m) 0.73 0.44 0.59 0.56 0.58 0.12 20.55 0.059
SD: Standard deviation; CV: Coefficient of variation; SEM: Standard error of the mean.
[=5i =0 Al aC mfc wNa Mg |
100
90
i
80

Figure 10. SEM images of samples.

Wear

As shown in Table 2, the wear rate of UPP (sample D) is
0.56 cm’/m while that of the CFF/UPP composite is as high
as 0.73 cm®/m. The wear rate of the composite samples at
different loads is shown in Figure 9. The wear rate increases
as the applied load increases. Sample A displays the highest
wear rate across the tested loads when compared with other
samples and is higher than the average wear rate. The resis-
tance to wear is highest in sample D and lowest in sample
A. This shows that the addition of CCF increases the wear
rate and reduces the resistance to wear of the composite of
UPP. Sample B shows the lowest wear rate and consequently
possesses the highest resistance to wear. The outcome of the
wear rate conforms with previous results reported by Ad-
eniyi et al. [26], Ohaga et al. [27], and Xie et al. [28].

SEM

The SEM micrograph of the samples are shown in Figure 10.
It was observed that the addition of CCF to UPP distorted
the homogenous nature of the base epoxy resin micrograph.
Samples A, B, and C demonstrated a uniform coverage with
a visible line crack on sample A. The observed crack might
be due to the thermal stress during the formative stage of the
epoxy resin substrate. Although the grain refinability of UPP

f=3

o
N
3]

Composition (%)
©w
=]

Figure 11. EDX results of samples.

nanoparticles is documented in the literature [21], continu-
ous excessive addition. reduces the degree of homogeneity
and surface coverage displayed by samples A, B, C, and D
with the increasing presence of pores in the micrograph.

EDX

Silicon, oxygen, and aluminium are the major constituents of
the samples. As shown in Figure 11, the concentration of sili-
con in sample D increased to 53% due to the addition of CCE
However, the addition of CCF to UPP increases the concen-
tration of magnesium, sodium, and carbon in the composite.
As shown in Figure 11, silicon, oxygen, and aluminium are
the major constituents of the explored composite samples
with traces of carbon, iron, sodium, and magnesium.

Results of the Statistical Analysis

Table 3 shows the outcome of the descriptive statistical anal-
ysis of the data. The low SD of hardness number, stress, im-
pact energy, and wear rate shows the data for those parame-
ters are not dispersed in relation to the mean while those of
tensile strength, breaking load, and impact strength are well
dispersed and scattered in relation to the mean. The CV
(%) is a measure of the dispersion of the data around the
mean. From the table, the CV% is generally low and ranges
between 0.5% and 20.5%. The standard error of the mean
measures the degree of discrepancy expected in the sample.
The SEM is less than 1 in hardness number, stress, and wear
rate while the SEM for impact strength is about 556.
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CONCLUSION

Unregulated waste generation, inappropriate waste disposal,
and ineffective waste management strategies result in poor
sanitation, environmental pollution, and contamination of
aquatic ecosystems. Burning of crop residues generates toxic
smoke and unburnt hydrocarbon, reduces air quality, exac-
erbates bush burning and deforestation, and impacts human
health. The fabrication of composites from crop residues and
other agricultural wastes is one of the cost-effective and sus-
tainable approaches for waste management. The mechanical
properties of the composites fabricated from the blending of
UPP and CCF show that the tensile strength, hardness, impact
strength, impact energy, and wear rate of the composites are
higher than that of UPP (sample D). Specifically, the hardness
of UPP is 411 MPa compared with the value of 538 MPa for the
CCF/UPP composite while the impact strength becomes 12
273 J/m? for the CCF/UPP composite compared with the value
of 9 818 J/m? recorded for the UPP sample. The wear rate of
UPP is 0.56 cm*/m while 0.73 cm*/m was reported for the CFF/
UPP composite. Silicon, oxygen, and aluminium are the major
constituents of the composite samples as revealed by the com-
positional analysis. The descriptive statistical analysis of the
data shows a low coeflicient of variation for each parameter.

The outcome of this study shows that blending UPP with CCF
increases the tensile strength, hardness, impact strength,
impact energy, and wear rate of the samples. The import of
these is that the tensile strength, hardness, impact, wear rate,
and other mechanical properties of a give crop residue can
be modified by blending it with another crop residue. Scien-
tific-based strategies for safe waste collection and handling
should be introduced and adopted to ease the difficulty and
encumbrances involved in waste handling, disposal, collec-
tion, and processing. Policies and financial incentives are
needed to encourage more investments in waste conversion
for resource recovery and industrial raw materials.
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INTRODUCTION

ABSTRACT

Photocatalyst degradation is one method to reduce industrial textile dye pollution in water. In this
study, ZnO material was synthesized by codoping Al and Mn using the chemical coprecipitation
method to determine the structural and optical properties of the material. This research found
that the structure of ZnO after codoping Al and Mn did not change the hexagonal wurtzite phase
but changed in other lattice parameters. The addition of Mn and Al codoping is reported to affect
the intensity of XRD peaks, especially on the 101 lattice. The higher the scattering peak, the more
angular the shift, indicating the magnitude of oxygen vacancies. The addition of Mn with 0% con-
centration shows the smallest lattice parameter among the other four samples. This indicates that
the oxygen vacancy of the sample without Mn is more significant than that with codoping Mn. The
reflectance measurement results show that the energy gap value of ZnO (Al+Mn), with a 0% Mn
percentage, reaches an immense value, which is 3.290 eV. The smallest energy gap is ZnO (Al+Mn)
with 4% codopping Mn which is 3.258 V. With this consideration, ZnO (Al+Mn) with 0% Mn
percentage is suitable to be applied as a Congo Red photodegradation agent, and ZnO (Al+Mn)
with 4% codoping Mn is appropriate to be used as a Methylene Green photodegradation agent.

Cite this article as: Krisandi A, Harsono H, Yudasari N. Narrowing band gap of ZnO codop-
ing (Al+Mn) as a photocatalyst candidate for degraded textile dye wastewater. Environ Res
Tec 2025;8(1)81-87.

Textile dye waste that pollutes the environment will harm
the environment and human health even in low concentra-

The textile industry is increasing in all countries [1]. This is
based on the fact that textiles are the primary needs of the
people. Besides the magnitude of the textile industry, the
negative impact on the environment produced is also sig-
nificant. One of them is textile dye waste. Textile dye waste
is an organic waste that is difficult to degrade. When this
textile waste is disposed of in the river, it will cause water
pollution [1-4]. Uncontrolled water pollution will affect the
quality of water, the water ecosystem, and other problems.
This problem needs to be solved in various ways. One uses
photocatalysts to break down the bonds of textile dyes that
have bonded with water molecules [3-5].

*Corresponding author.
*E-mail address: aprilionkris@student.ub.ac.id

tions. This happens because of the high composition of toxic
textile dyes. In terms of the environment, this dye waste will
increase Biochemical (BOD) and Chemical (COD) Oxygen
Demand. This will directly inhibit further photosynthesis so
aquatic plants will be disturbed. In addition, aquatic animals
will stay away from the area because the aquatic environ-
ment is no longer healthy. Potential negative impacts also
occur in humans. Like Azure B type textile dye waste, this
type of dye waste has the potential to trigger gene mutation.
This waste if contaminating the human body will be able to
intercalate with the helical structure of DNA and RNA du-
plex [1]. Another potentially mutagenic dye is Disperse red.
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The behavior of this mutagen can increase the frequency
of micronuclei which is key for cancer characterization.
Disperse Orange also shows a similar pattern. The behavior
of mutagens that induce DNA damage can cause base shifts
that alter the reading of the genetic code [3].

Removing dye sewage is an action that must be taken be-
cause of its serious effects on the sustainability of living
things. Various ways are done to overcome this including
Adsorption, coagulation, and filtering. However, these
methods are costly and inefficient. One of the other meth-
ods offered is the photocatalyst method. This method in-
volves semiconductor materials such as ZnO [4, 5]. ZnO
semiconductor material is one of the photocatalysts that is
being intensively developed. It has the advantages of being
cheap, widely available, non-toxic, and easily modified [6-
9]. These advantages are considered suitable to answer the
problems of the textile industry, especially as a dye pollu-
tion degradation agent. ZnO reacted with dye waste liquid
will respond if it gets energy from outside. The energy used
is photon energy. This mechanism is referred to as a pho-
tocatalyst [10, 11]. Photons exposed to the ZnO solution
with textile dyes will stimulate electrons to excite from the
valence band to the conduction band. This mechanism will
form reactive oxygen species that are useful as photodegra-
dation agents [12-14].

Pure ZnO has a reasonably wide energy gap value of 3.37
eV and an excitonic binding energy of 60 meV [6, 15-17].
In this condition, the UV spectrum is needed to regenerate
electron-hole recombination. ZnO structure modification
is one way to narrow the energy gap value. However, the
limitations of ZnO are limited conductivity and low charge
concentration carrier ability. This causes the low-efficiency
value of ZnO material. Therefore, it is necessary to modify
the two factors mentioned. One strategy that can be done is
to make structural modifications that can improve electron
transport capabilities. Researchers have intensively added
doping with metal ions. Some use group III metal dopping
such as Al, In, Ga, etc [18]. Of the many types of group III
metals, aluminum (Al) is the most widely used for dopping.
Al is a dopant used to obtain n-type ZnO with high con-
ductivity, crystal quality, and optical properties. Adding Al
in ZnO can reduce the energy gap from 3.37 eV to 3.28 eV.
This is essential information for synthesizing ZnO as a pho-
tocatalyst agent [16].

Modifying ZnO by adding Al doping has not significantly
changed optical properties. The high doping concentration of
up to 5% wt did not decrease the energy gap significantly [13,
15, 19-22]. This happens because the Oxygen Vacancy that
occurs is still not optimal. Therefore, codoping methods are
necessary. The candidates for the second element are transi-
tion metals such as (V, Fe, Co, Ni, Mn, etc) [9, 18, 23]. Ac-
cording to some research, Mn is one of the transition metals
that can increase oxygen vacancy and absorb photon energy
from the UV and visible ranges. However, dopping Mn with
low concentrations <3% wt can reduce the energy gap value.
Mn with concentrations >3% wt will increase the energy gap
value with the presence of the second Mn phase [24-26].

Several methods for synthesizing ZnO with dopping in-
clude Coprecipitation, Sol-Gel, Hydrothermal, Chemical
Vapor Deposition, Microemulsion Technique, Laser ab-
lation, and Ball milling [27]. Each synthesis method has
advantages and disadvantages. The physical technique can
give maximum results, but the equipment setup is expen-
sive; the chemical technique is more superficial and not so
costly but has problems with reproducibility [28-30]. In
this study, the synthesis technique used is co-precipitation,
which is a bottom-up technique with a relatively simple and
accessible tool setup. Codoping Al and Mn will synthesize
ZnO material; Al concentration is fixed at 5% wt and Mn at
0% to 4% wt, respectively.

EXPERIMENTAL PROCEDURE

Material Synthesis

Zinc acetate (99.9%, Merck), Aluminum Chloride (99.9%
Merck), Manganese Acetate (99.9% Merck), NaOH (97%
Merck). All materials were prepared based on the con-
centration ratio of Zn ,. Al Mn_with x = 0 to 0.04. The
single Al-doped sample is referred to as 0% Mn, and the
codoped sample is referred to as 1% Mn to 4% Mn. Each
sample with a concentration of 1M was dissolved in 200 mL
of deionized water and stirred using a magnetic stirrer at
room temperature for 30 minutes. After mixing, the sam-
ples were allowed to stand for 30 minutes. After that, the
sample solution was stirred again using a magnetic stirrer at
a constant speed while the titration process was carried out
using 1M NaOH solution. This titration process is carried
out under room temperature conditions and continues to
be carried out until it reaches a solution condition with a
pH of 10. The titration process while stirring lasts for 90
minutes. After the solution has reached pH 10, the titration
and stirring process is stopped. The beaker glass was closed
using aluminum foil, and the sample was deposited over-
night in room conditions. The precipitate was filtered us-
ing Whatman paper size 42 to separate the precipitate and
liquid. This process was carried out by washing the sample
using DI water and ethanol in a ratio of 3:1. After that, the
sample was moved to the crucible and dried using an oven
at 90 °C for 12 hours. This process aims to remove water
and ethanol present in the sample. A temperature of 90 °C
was chosen so that Al and Mn ions would not diffuse before
calcination. After the samples were dried, they were pul-
verized using a mortar and calcined using a high furnace at
800 °C for 3 hours.

Characterization Procedure
The crystal structure of ZnO and its phase change were
identified using X-ray diffraction (XRD) using a CuKa
source (1.541862 A). Crystal size was calculated using the
Scherer equation

_ kA

- L cos@ (1)
d is crystallite size, Lambda ()) is the X-ray wavelength,
Betha (P) is the FWHM in radians, Theta (0) is the Bragg
Angle and K is the Scherer constant 0.9.
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Figure 1. XRD spectra. Figure 2. 101 peak shifting.
Table 1. The lattice parameter of pure ZnO and codopping ZnO
Mn concentration 2 Theta (degree) 101 Crystalline size D (nm) d,, Lattice parameter (A)
a=b c
Pure ZnO ref [31] 36.450 46.200 2.464 3.260 5.219
0% 36.330 39.767 2.471 2.853 5.198
1% 36.311 41.549 2.472 2.855 5.202
2% 36.313 37.736 2.472 2.854 5.201
3% 36.321 36.980 2.471 2.853 5.199
4% 36.285 40.955 2.473 2.856 5.205

Optical properties were observed using Ocean Optic reflec-
tance spectroscopy with a wavelength range of 200-1110
nm radiation. Reflectance testing of the material was car-
ried out to calculate the energy gap value of the material
doped using Al and Mn. The optical band gap for codoping
Aland Mn ZnO was measured using the following equation

(F(R)hv)’=A(hv-E) (2)

F(R) is an absorption value, A is a constant, hv is the photon
energy, and E_is the energy gap of the material. The energy gap
can be calculated by plotting a graph of (F(R)hv)? versus hv.
The extrapolation point of the linear part that meets the ab-
scissa point will be given as the energy gap value of a material.

RESULT AND DISCUSSION

Structural Properties

Figure 1 shows the spectra of ZnO codoping Al and Mn
with different concentrations (0, 1, 2, 3, 4 %wt). All XRD
results show the hexagonal wurtzite phase form as in Pure
ZnO. This is confirmed by overlaying the spectra on JCPDS
data No. 36-1451, which matches the space group P_mc.
The spectra show that the structure of ZnO remains un-
changed in single dopping of Al and codoping of Al, Mn,
both at low to highest percentages, and the observed phase
remains a Wurtzite structure. Figure 1, which shows the

XRD pattern, shows no additional peaks. This means that
the incorporation of AI** and Mn** ions substitute into in-
terstitial sites or replace the presence of Zn** ions in the lat-
tice without changing the wurtzite ZnO structure. In pure
ZnO, Zn** ions have an ion radius of 0.74A, smaller than
Mn?* ions of 0.80 A, and larger than AI** ions of 0.53A.

From the XRD pattern in Figure 1, grating 101 has the
highest intensity of all gratings in all samples. Peak 101 is
enlarged to see changes in the pattern of each sample. Fig-
ure 2 is a magnification of peak 101. There is a 1% to 4%
peak shift pattern rather than 0% samples. This shift occurs
because Mn?* ions, which have a larger ion radius, replace
Zn** ions in the crystal lattice. The presence of AI** ions
also determines the peak height. The 1% Mn peak shows
the highest position, which indicates that AP** ions are in-
serted more in place of Zn?* than Mn?*". This event occurs
because the percentage of dopping in the sample is indeed
more excellent Al with a ratio of Al % to Mn of 5%: 1%.
However, as the percentage of Zn decreases and the rate of
Mn increases, the peak also decreases until the Mn 4% con-
dition changes to a non-linear pattern. This is indicated due
to changes in the lattice parameters.

The lattice parameter values calculated using the equation
written in Ravi Kant's [30] part of the data are presented
in Table 1. The lattice value ¢ looks smaller than the pure
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Figure 3. Reflectance graphic.

ZnO standard of 5.219 A. This indicates the presence of ox-
ygen vacancies in the material dropped by AP’* and Mn?**
ions. The lattice parameter value does not show a value that
continues to rise with the increase in Mn doping, but the
lattice parameter value changes along with the doping ratio.
For ZnO with a single Al dopping or Mn 0% sample, lattice
parameters a and c values are the smallest compared to the
other four samples. This may be due to the small dopant
radius of AI** ions that replace Zn**. This also has an impact
on the small lattice parameter values. However, when the
percentage of Mn** dopping increases to the highest ratio
of 4% Mn. The lattice parameter value reaches its highest
value compared to the other four samples. This is proba-
bly because Mn** ions dominate in the replacement of Zn**
ions. The lattice parameter value becomes larger since Mn**
ions are more significant than Zn*". The size of the lattice
parameter is substantial to discuss because it relates to the
oxygen vacancy in the sample; the smaller the size of the
lattice parameter, the more likely the presence of oxygen
vacancy, which is helpful in the photodegradation process.
ZnO (Al+Mn) with 0% Mn percentage shows the smallest
lattice parameter. It indicates that this sample will produce
more oxygen vacancy than others.

Optical Properties

Figure 3 represents the reflectance spectra of the Al and Mn
codoping ZnO samples in the wavelength range of 300 to
800 nm. Uv-Vis spectroscopy is used to study the reflec-
tance pattern of solid materials with a certain thickness.
This helps scientists determine the energy gap value of the
modified material, especially the effect of co-dopping ZnO
(Al+Mn). Figure 4 shows the energy gap value of each of
the characterized samples. The linear dependence between
the value of (F(R)hv)? versus hv indicates that Al and Mn
codoped ZnO is a semiconductor with a direct band gap.
The direct band gap is calculated using the Kulbecka-Munk
method in Equation 2.

The calculated band gap change values and comparison
with the reference band gap are shown directly in Figure
4a. All band gap values of materials doped using Al and Mn
are lower than that of pure ZnO. This decrease in band gap
value, as shown in Figure 4b, is likely due to the incorpora-
tion of Al and Mn ions in the Zn lattice, which creates a new
recombination pattern. This can be confirmed from the dis-
cussion of changes in the crystal structure of XRD results.
As described by Gaurav Saxena [31], the decrease in energy
gap value, along with the addition of Al and Mn doping, can
be illustrated as a form of p-d spin exchange interaction be-
tween localized d electrons resulting from the substitution
of AP** and Mn?** ions. The sample with the largest percent-
age of Mn produces the most significant decrease in the en-
ergy gap. This is due to the solid p-d assimilation between
O and Mn. So, adding Al and Mn co-dopping will reduce
the energy gap value; this is in line with the initial purpose
of the experiment, which is to reduce the energy gap of the
material as a candidate for photocatalyst and pollutant re-
moval applications.

Photodegradation Mechanism and its Relationship with
the Energy Gap of the Material

The mechanism of photodegradation can be seen visually
in Figure 5. What is modified is the value of Eg. The small-
er the energy gap value, the easier for electrons to excite
from VB (Valency Band) to CB (Conduction Band). The
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Figure 5. Photodegradation mechanism [33].

smaller the energy gap, the narrower the gap between the
ribbons. The narrower the band gap, the easier for electrons
to excite. If electrons are easily excited by small energy, the
oxygen vacancies will get bigger. This will affect the forma-
tion of «O2" (Oxygen Free Radicals), determining the pho-
todegradation rate.

Various researchers have examined the photodegrada-
tion of textile dye effluents using ZnO materials. The
photodegradation mechanism is that ZnO powder mod-
ified using codoping is dissolved in textile dye waste.
Then, the mixture is irradiated using light in the UV-Vis
range. However, UV irradiation is recommended for UV
materials because it has a maximum energy value of 3-4
eV to reach the ZnO energy gap. This increases the pos-
sibility of expanding the photodegradation ability of the
five modified ZnO (Al+Mn) samples with the highest
Mn concentration of 4% Mn and the smallest gap ener-
gy value of 3.258 eV. Using a 4% Mn doping sample and
comparing it with related research shown in Table 2, this
modified sample can be a candidate for degrading Meth-
ylene Green textile dyes, as done by A. Mahesha [15]
using ZnO doped with Cr** ions. This modification de-
creased the energy gap to 3.27 eV. Sample ZnO (Al+Mn)
with 0% Mn, which has the most significant gap energy
value (3.29 eV), also needs to be considered for use as a
photodegradation agent. This is based on the high possi-
bility of vacant oxygen due to the single doping of Al. The
textile dye that this sample can degrade is Congo Red.
According to Table 2, Congo Red requires a degradation
agent with an energy gap of 3.3 eV, and this sample is
suitable for degrading Congo Red.

CONCLUSION

ZnO material with fixed Al doping and Mn variation has
been successfully made using a simple coprecipitation
method. Various characterizations have ensured this new-
ly modified material is suitable as a textile dye degradation
agent candidate. The parameters used as a benchmark are
structural and energy gap changes. Crystal structure ob-
servation was done using X-ray diffraction. From the re-
ported discussion, it can be concluded that the single dop-
ing of ZnO with Al and codoping of ZnO with Al and Mn

Table 2. Reference data ZnO dopping as a dye photodegradation

No Doppant Gap energy Dye Ref
%wt (eV)

1 Cr* 9% 3,27 MG A Mahesha [15]
2 Co** 2% 3,06 MG  Al-Namshah [32]
3 Fe?* Pure 2,97 MB Sabrina [28]

4 Cu?* 3% 3,19 MB KV Karthik [33]

IC

5 Cu? 5% 3,23 RhB KV Karthik [33]
6 Pure Zn** Nps 3,30 CR B C Nwaiwu [34]

MG: Methylene green; MB: Methylene blue; IC: Indigo carmine; RhB:
Rhodamine B; CR: Congo red.

did not change the main crystal structure, which is still
observed as Hexagonal Wurtzite. In diffraction peak 101,
it is observed that the higher the percentage of dopping,
the more the peak shifts towards the slight diffraction an-
gle. This indicates that the presence of oxygen vacancies
is more significant. This structural pattern is confirmed
by reflectance characterization, which calculates the en-
ergy gap value. The higher the doping of Mn, the smaller
the energy gap. However, this energy gap change does not
occur linearly because an atomic insertion behavior has
not been fully revealed. Modification of ZnO (Al+Mn)
with a 4% Mn percentage produces the smallest energy
gap of 3.258 eV and the highest energy gap reached by
ZnO (Al+Mn) with a 4% Mn which is 3.290 eV. The type
of textile dye that can be degraded with this modification
is Methylene Green for (Al+Mn) with 4% Mn and Congo
Red for (Al+Mn) with 0% Mn.
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Chromium(VT) contamination is carcinogenic and largely anthropogenic, stemming from spe-
cific industries. With Bangladesh experiencing rapid industrialization, the increasing number
of industries necessitates an economic and sustainable secondary treatment process to main-
tain acceptable chromium levels. Phytoremediation, an environmentally friendly biochemical
technique, has been extensively researched, particularly in the context of constructed wetlands.
However, due to land scarcity and legal issues a constructed wetland is not the most viable
option. In this study, three native aquatic plants—Eichhornia crassipes (Water Hyacinth), Pis-
tia stratiotes (Water Lettuce), and Lemna minor (Duckweed)—were chosen to evaluate their
effectiveness in removing chromium from wastewater. These plants underwent testing with five
different chromium concentrations (1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L, 5 mg/L) and two pH val-
ues (6 and 8) using natural ditch water as the feed solution. All the experiments were performed
for 7 days in duplicate, along with a control experiment of chromium without plants. The study
was conducted at Shahjalal University of Science and Technology campus, Bangladesh, from
May 25 to June 1, 2023. Atomic Absorption Spectrometer was employed to measure Cr(VI)
concentration, revealing average chromium removal rates of 29.4%, 81.1%, and 81.5% for Eich-
hornia crassipes, Pistia stratiotes, and Lemna minor, respectively, after seven days. Notably, on
day three, Lemna minor exhibited the highest average removal efficiency at 84.7%.
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INTRODUCTION trivalent and hexavalent forms (i.e., Cr(III) and Cr(VI)) in
aquatic systems [5]. Cr(VI) is particularly concerning, be-

In this era of industrialization, the disposal of effluents en- ing five hundred times more toxic than Cr(II) [5]. More-

riched with heavy metals into water bodies has become an
alarming issue [1]. Toxic heavy metals pose a threat due to
their potential entry into the food chain [2]. Therefore, the
development of an efficient process to remove heavy met-
als from wastewater during disposal is gaining significant
importance within scientific communities [3]. Chromium,
found as Chromite (FeCr,O,), ranks as the 21* most abun-
dant heavy metal in the Earth's crust [4]. It exists in both

*Corresponding author.
*E-mail address: bijit-cee@sust.edu

over, among the various effluents from different industrial
operations, Cr(VI) is the 16™ most toxic and carcinogenic
substance [2]. Cr(VI) significantly harms human health,
causing issues such as lung cancer, kidney and liver dam-
age, gastric problems, and skin irritation [4]. The maximum
allowable concentration for Cr(VI) discharge into inland
surface water is 0.1 mg/l, and for drinking water, it is 0.05
mg/l [6]. Various industrial activities, including leather
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tanning, textile dyeing, electroplating, paint production,
cement manufacturing, nuclear power plants, steel indus-
tries, cooling water towers, refractory materials production,
metallurgy and mining [6, 7]. If there are high quantities
of Cr in the ambient water, the tissues or the organs of the
aquatic organisms and especially fishes can be affected [8,
9]. Therefore, treating wastewater to remove Cr(VI) before
disposal into the environment is imperative.

Several methods, such as ion exchange, flotation, activated
carbon, reverse osmosis, coagulation-flocculation, mem-
brane technologies, chemical precipitation, and adsorption,
are used for Cr(VI) removal from wastewater [4]. Often,
these physicochemical processes involve substantial ex-
penses and generate a considerable amount of toxic chem-
ical sludge [10]. Thus, for most developing countries, alter-
native processes are necessary that align with their financial
and technological capacities.

Phytoremediation, a novel technology for dealing with con-
taminated sites, can be cost-effective and offers aesthetic
benefits and long-term applicability. This technology relies
on the effective use of plant species to remove, sequester,
or immobilize impurities from a growth matrix in soil, wa-
ter, and sediments through organic processes [11]. Aquatic
macrophytes are highly valued in the phytoremediation of
water pollutants because of their rapid growth, substantial
biomass, high tolerance, and exceptional accumulation ca-
pacity [12]. Research has been conducted using Eichhornia
crassipes, Pistia stratiotes, and Lemna minor separately as
phytoremediation techniques to mitigate chromium contam-
ination in aqueous or wastewater. For instance, [13-15] used
Eichhornia crassipes's (water hyacinth) root biomass-derived
activated carbon, root powder, and biochar, respectively, for
removing Cr(VI) from aqueous solutions. [13, 14] found the
maximum adsorption capacity of 36.34 mg/g and 33.98 mg/g,
respectively while [15] found the maximum removal efficien-
cy of Cr(VI) as 97.34% [16, 17] used Eichhornia crassipes
for removing chromium without considering the effect of
pH and the maximum sorption was found as 108 mg/kg and
maximum removal efficiency as 84%, respectively. Pistia stra-
tiotes has also been used for remediation and detoxification
of heavy metals in various studies [18-21]. The maximum re-
moval efficiency of Cr(VI) was found by [18] as 58.8% while
[18, 21] did not study Chromium. However, the effect of pH
was not considered in these Pistia stratiotes-related studies.
A few researchers have also studied another important float-
ing plant, Lemna minor [22-24], to evaluate Cr(VI) removal
efficiency from aqueous solutions. The maximum removal
efficiency of Cr(VI) was found by [22-24] to be 49.79%, 64%,
and 77.26%, respectively. However, no study in the literature
compares these three plants in removing Cr(VI) from aque-
ous solutions considering both acidic and alkaline condi-
tions. In this study, the Cr(VI) removal efficiency of three lo-
cally available aquatic plants, Pistia stratiotes (Water Lettuce),
Lemna minor (Duckweed), and Eichhornia crassipes (Water
Hyacinth), has been investigated considering acidic and al-
kaline pH conditions. Natural ditch water, from where the
plants were collected, was used for water media preparation.

MATERIALS AND METHODS

Plants and Water Sample Collection

Eichhornia crassipes, Pistia stratiotes, and Lemna minor
are abundant in Bangladesh, and are found worldwide. The
plants for this study were gently collected using a net from
the water surface of a ditch in the Shahjalal University of
Science and Technology campus area (24° 55' 6.61"N and
91° 49' 53.88"E) while in fresh condition and were immedi-
ately transported to the laboratory within 10 minutes. Sub-
sequently, the plants underwent a thorough rinse in tap wa-
ter to eliminate unwanted particles and insect larvae from
their roots and leaves [25]. Following this, the plants were
air-dried for 24 hours to remove surface water from their
bodies [26]. For each plant, 50 g of air-dried samples were
considered for testing. Additionally, water samples were
collected from the same ditch to prepare the water media.

Preparation of Synthetic Sample of Cr

A 1000 mg/I Cr(VI) stock solution was prepared using ana-
lytical-grade K,Cr,O, dissolved in distilled water. This solu-
tion was stored and utilized to create Cr(VI) solutions of
concentrations at 1 mg/l, 2 mg/l, 3 mg/l, 4 mg/l, and 5 mg/1
in natural ditch water for laboratory-scale experiments.

Water Media Preparation

Before initiating the experiment, various parameters, in-
cluding dissolved oxygen (DO), conductivity, total dis-
solved solids (TDS), turbidity, pH, CO,, and chemical oxy-
gen demand (COD) of the ditch water sample, were tested.
Plastic bowls with a depth and diameter of 13.5 cm and
12.7 cm, respectively, and a maximum capacity of 1.77 liters
were prepared for Eichhornia crassipes and Pistia stratiotes.
However, for Lemna minor, the plastic bowls were 6.3 cm in
depth and 19.3 cm in diameter, with a maximum capacity
of 1.86 liters. The rationale for the two different bowl sizes
was that the main method of metal uptake for the plants is
through the roots, and Lemna minor's roots were consider-
ably shorter compared to the other two plants. Each experi-
ment required 36 plastic bowls (3 plants x 5 concentrations
+ 3 controls) x 2 (duplicate).

The aquatic plants were individually exposed to solu-
tions of Cr(VI) at different initial concentrations of 1.0,
2.0, 3.0, 4.0, and 5.0 mg/L, respectively, for two different
pH levels with chromium control. In a controlled set, no
plants were present. Following the guidelines of APHA
[27], chromium was analyzed using an atomic absorp-
tion spectrophotometer. In all experiments except for the
controlled set, 50 gm plant samples (air dry weight) were
placed in a 1-liter water sample with a specific initial
Cr(VI) concentration under respective pH conditions
(Fig. 1). All experiments were conducted in duplicate.
The sample bowls were appropriately marked and kept
in moderate sunlight through glass windows during the
daytime. The pH of the water media was adjusted to a
value of 6.0 after adding the plants using phosphoric
acid. Similarly, the pH of the water media was adjusted
to a value of 8.0 using sodium hydroxide. Daily water loss
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Figure 1. Water media preparation for the three plants with five different initial Cr(VI) concentrations.

due to evaporation was compensated by adding the same
ditch water to the mark in the experimental tank. The
natural ditch water used was found to be without any de-
tectable chromium concentration.

Data Collection Protocol

The AAS was calibrated using a Cr(VI) solution with three
different concentrations: 1.25 mg/L, 2.5 mg/L, and 5 mg/L.
The entire experimental setup was completed at 10 am on
the first day, and the initial data on Cr(VI) concentration in
the water in each bowl was recorded at 11 am. Subsequent-
ly, hourly data were collected from the respective bowls
with specific pH and Cr(VI) concentrations throughout the
first day until 10 pm. Following this pattern, data were re-
corded at 10 am and 10 pm from the second day, resulting
in 12 hourly data points, and this continued until the third
day. After three days, data collection shifted to once daily at
10 am, generating 24 hourly data points, and this continued
until the seventh day. Most of the literature [17, 22] took
daily measurements. However, in this research, we imple-
mented a more frequent measurement protocol because the
rate of chromium adsorption is likely to be higher during
the initial period.

Cr(VI) in Plants

At the conclusion of the seven-day experiment, the test
plants were harvested, and tap water and distilled water
were employed for washing the harvested plants twice.
To eliminate any residual moisture, all plants were dried
in an oven at 80°C. Subsequently, the oven-dried samples
were ground to a powder and stored for wet digestion
to measure Cr(VI). For the metal concentration analy-
sis, duplicate portions of the ground plant material (2 g)
were utilized. The sample was digested using HNO,:H-
CIO, in a 2:1 ratio (v/v) and then diluted to 100 ml with
distilled water. The digested plant samples were analyzed
for Cr(VI) using atomic absorption spectrophotometry
(AAS, Varian).

The Bioconcentration Factor (BCF) is the ratio of the con-
centration of the chemical (chromium) in the plant tissues at
harvest to the concentration of that element in the external
environment [28]. BCF is a valuable parameter for evaluat-
ing the potential of a plant in accumulating a metal, with a
higher value indicating a better bioaccumulation capacity of
that plant. BCF for all three plants was calculated as follows:

BCF=P/E

Where, P is the trace element concentration in plant tissues
(mg/kg oven dry weight) and E is the initial trace element
concentration in the feed solution (mg/L).

Statistical Analysis

All the experiments were duplicated, and the values have
been expressed as the average. The Pearson correlation test
was performed between the chromium concentration in
the water on the final day and the chromium remaining in
the plant to assess the consistency of these two datasets. The
test was conducted at significance levels of 0.01 and 0.05.

RESULTS AND DISCUSSION

The analysis primarily focuses on two aspects. The first is
assessing the Cr(VI) removal efficiency of the three plant
species concerning the initial concentration in the feed
solution, while the other is examining the influence of pH
(at two levels: 6 and 8) on the removal efficiency. Addition-
ally, the mass of Cr(VI) accumulated in the plants on the
seventh day for various concentrations and pH values has
also been investigated.

Basic Water Quality Parameters

The water sample was collected from a natural ditch, the
same source from which the plants were gathered. Subse-
quently, pH adjustment was performed by adding NaOH
or H,PO,. Some basic water quality parameters of the water
sample are presented in Table 1.
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Figure 2. Remaining concentration of Cr(VI) in feed solution over time for three plant species at pH 8 and 6.

Table 1. Basic water quality parameters of the ditch sample

Parameter Ditch sample
pH 6.8
Temperature, °C 20.6
Conductivity, uS/cm 350

DO, mg/L 6.3
Turbidity, NTU 289
TDS, mg/L 308
CO,, mg/L 30
COD, mg/L 92.9
Cr(VI) 0

Effects of Initial Cr(VI) Concentration on Removal
Efficiency

Synthetic Cr(VI) solutions with five different concentra-
tions (1-5 mg/L) were prepared, and the removal rates were
observed for three different plant species over seven days.
Figure 2 displays the remaining average concentration in
the feed solution over time. It is evident that the three plant
species exhibited distinct responses to chromium exposure.
Eichhornia crassipes showed very limited removal after the
first day, with the removal efficiency being the least among
the three species. Pistia stratiotes displayed some peculiar
behaviors. While there was a gradual reduction of chro-
mium at lower concentrations throughout the entire time-
span, at higher concentrations (4 mg/L and 5 mg/L), it rap-
idly started to uptake chromium after 4 days. Additionally,
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Table 2. Comparison of Cr(VI) removal efficiency (%) of Eichhornia crassipes, Pistia stratiotes and Lemna minor for pH 6 and
pH 8 considering all five initial concentrations after 3 days and 7 days

pH6 pHS8
3 days 7 days 3 days 7 days
Range Mean SD Range Mean SD Range Mean SD Range Mean SD
Eichhornia  25.1-42.7 31.2 7.7 23.2-43.1 31.1 8.2 17.4-31.8 23.5 5.6 17.7-41 27.6 9.3
Pista 33.3-66.7 44.5 13.1  84.0-99.6 90.5 6.9 30.4-74 40.6 19.1  56.8-79.9 71.6 9.4
Lemna 76.7-85.8 822 42  743-82.3 80.0 32 86.1-88.3 87.2 08 79.8-847 836 21

SD: Standard deviation.

Figure 3. Chromium toxicity on pistia stratiotes after day four.

it was observed that these plants suffered from chromium
toxicity and began to degrade after 4 days, as illustrated
in Figure 3. Similar plant degradation was noted by [29],
where chromium toxicity was observed at concentrations
higher than 2 mg/L.

On the other hand, Lemna minor exhibited a consistent
and smooth removal rate for all initial Cr(VI) concentra-
tions. The comparison of the removal rates of the three
plant species with different initial Cr(VI) concentrations
is illustrated in Figure 4. Lemna minor demonstrated
the highest removal rate for all initial concentrations,
followed by Pistia stratiotes and Eichhornia crassipes.

Moreover, for Lemna minor, the majority of Cr(VI) up-
take was completed within three days for all initial Cr(VI)
concentrations.

Effects of pH on Removal Efficiency

The experiment was conducted at two different pH levels:
one acidic (pH 6.0) and the other alkaline (pH 8.0), to in-
vestigate whether pH influences the removal efficiency. The
choice of these pH values is based on the common range
of wastewater acidity. Some noteworthy findings emerged
from this study. Eichhornia crassipes and Pistia stratiotes
exhibited slightly better performance under acidic con-
ditions, while Lemna minor demonstrated almost inde-
pendence from pH, performing slightly better in alkaline
conditions. Additionally, it was observed that the removal
rate for both Eichhornia crassipes and Pistia stratiotes de-
creased with an increase in initial concentration, whereas
for Lemna minor, the removal rate remained independent
of the initial concentration. Table 2 presents the percentage
of chromium removal for different initial concentrations in
the feed solution for the three plants after 7 and 3 days. The
seven-day average removal efficiency for chromium, con-
sidering both pH levels, was 29.4%, 81.1%, and 81.5% for
Eichhornia crassipes, Pistia stratiotes, and Lemna minor,
respectively. Although Pistia and Lemna exhibited similar
average removal efficiency, Pistia stratiotes displayed much
higher variability. Notably, considering both pH levels,
Lemna minor achieved the highest average removal effi-
ciency (84.7%) on day three. The maximum removal effi-
ciency of Cr(VI) was found by [22] and [24] as 49.79% (on

Table 3. Bioconcentration factor (BCF) for chromium removal by three aquatic plants in different feed concentrations for pH 8

and 6
Cr(VI) Concentration BCF
in feed solution (mg/1)
Eichhornia crassipes Pistia stratiotes Lemna minor

pHS pH6 pHS8 pH6 pHS8 pH6
1 238.2 180.9 258.4 407.5 290.0 383.9
2 165.7 141.2 268.0 390.1 333.0 347.7
3 124.7 105.2 225.2 331.9 304.4 373.6
4 114.7 105.3 307.1 329.01 248.6 359.9
5 92.8 89.7 284.5 313.6 297.2 331.7
Average 147.2 124.5 268.6 354.4 294.6 359.4
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Figure 4. Comparison of chromium removal efficiency of three plant species for different initial concentration in feed solution
at pH 8 and 6.
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Figure 5. Comparison of expected mass and the actual mass observed in three plant species at the end of the experiment for five

different initial concentrations of Cr(VI) and for two pH values.

Table 4. Pearson correlation coefficients of concentration of Cr(VI) in water vs mass of Cr(VI) in plant

Cr(VI) in plant
Echhornia Pistia Lemna
pHS8 pH6 pHS8 pH6 pHS8 pH6
Cr(VI) in feed solution 0.71 0.91% 0.59™ 0.98** 0.99** 0.97**

Not significant (ns) p>=0.05; * p<0.05; ** p<0.01.

22" day) and 77.26% (on 12" day), respectively. The rea-
son for the lower removal efficiency in [22] could be due to
the depth of the bowl used. While in this experiment, the
bowl used for Lemna minor was 6.3 cm deep, [22] used a
bowl that was 100 cm deep. Since Lemna minor's roots are
considerably shorter compared to the other two plants, the
greater bowl depth in [22] means there was less chance for
chromium to come into contact with the roots.

Chromium Uptake within Plants

The BCFs of the three plant species are presented in Ta-
ble 3 based on different initial concentrations of Cr(VI)
in the feed solution and two pH values. The highest BCF
value was observed for Lemna minor, followed by Pistia
stratiotes and Eichhornia crassipes for both pH levels. For
pH values 8 and 6, the average BCF values were (147.2,
124.5), (268.6, 354.4), and (294.6, 359.4) for Eichhornia
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crassipes, Pistia stratiotes, and Lemna minor, respectively
[28] reported that the BCF of chromium for Lemna minor
ranged from 280 to 660, while [24] reported the average
BCF for Lemna minor as 645.

Consistency between the chromium concentration in the
feed water sample on the final day and the chromium in-
side the plants was also assessed. The expected masses of
chromium inside the plants were determined by subtract-
ing the remaining water concentrations on the final day
from the respective initial concentrations. The decrease
in chromium primarily occurred due to bioaccumulation
by plants, although a small portion of chromium could
be diminished due to chemical precipitation or adsorp-
tion on the vessel wall. From the control experiment, it
was observed that the loss of Cr(VI) in water ranged from
1.2 to 7.1%. This loss could be attributed to precipitation,
adsorption of clay particles and organic matter, and pre-
cipitation with secondary minerals [17].

The actual chromium masses inside the plants were deter-
mined by acid digestion at the end of the experiment. Fig-
ure 5 illustrates the expected mass of chromium in plants
and the corresponding actual mass found in the plants for
two pH values. It is interesting to observe a regularity in ev-
ery case for both pH values. Moreover, a strong correlation
between the two datasets (chromium concentration in the
water on the final day and chromium left in the plant) was
obtained for Lemna minor in both pH values, and the test
was significant (p<0.01) (Table 4).

From the above discussions, it is clear that Lemna minor
has demonstrated the best performance among the three
plant species for treating chromium-rich wastewater,
considering fast removal rate, BCF, and chromium toxic-
ity. This plant holds great potential for treating chromi-
um-rich wastewater, especially in a batch form of a biolog-
ical treatment facility.

CONCLUSION

This study investigated the chromium removal potential
of three indigenous floating plant species: Eichhornia
crassipes, Pistia stratiotes, and Lemna minor. They were
tested for five different initial concentrations of Cr(VI) in
the feed solution (1-5 mg/l) and two difterent pH values
(6 and 8). The results indicate that Lemna minor exhib-
its a rapid chromium uptake capacity, removing 84.7% of
chromium from wastewater in just three days, irrespective
of the initial chromium concentration in the feed solution
or pH value, and without causing any toxicity issues. This
versatile nature positions Lemna minor as the most prom-
ising plant among the three for chromium removal from
industrial wastewater, especially in batch-based biological
treatment facilities. Pistia stratiotes also demonstrated
good removal efficiency, particularly after four days un-
der acidic conditions, along with favorable BCF values.
However, Pistia stratiotes showed intolerance to chro-
mium toxicity, making it less suitable for treating chro-
mium-rich wastewater. In contrast, Eichhornia crassipes

exhibited very low chromium removal efficiency.
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ABSTRACT

Microplastics (<5 mm) are omnipresent pollutants produced directly or generated because
of larger plastic particle breakdown. The challenge of microplastic pollution is an emerg-
ing global concern, with India being no exception. This study investigated the prevalence
and characteristics of microplastics in four commercially important aquatic species from
two distinct ecosystems in Tamil Nadu, India viz., the Ennore Creek (brackish water) and
the Kasimedu landing center (marine). The species examined were catfish (Arius sp.), mud
crab (Scylla olivacea), Japanese threadfin bream (Nemipterus japonicus) and Indian mackerel
(Rastrelliger kanagurta). Microplastics were detected in 78.57% of the 70 samples analyzed,
with Nemipterus japonicus and Arius sp. showing the highest average ingestion of 53 and
4+2.5 microplastic items per individual respectively. A distinct organ-specific trend was ob-
served, with gills harboring slightly more microplastics (0.35 items/gills) compared to guts
(0.21 items/gut). Fibers and fragments were the predominant microplastic shapes, while oft-
white (translucent), white, blue and black were the most common colors detected. ATR-FTIR
analysis identified low-density polyethylene (LDPE) and polyamide (nylon) as the primary
polymer types. The research underscores considerable interspecies and species-specific vari-
ations in microplastic accumulation and dispersion, underscoring the necessity for precise,
species-specific evaluations to comprehend the potential ecological and anthropogenic health
ramifications of this escalating environmental issue. Recommendations include establishing
comprehensive monitoring programs, implementing source reduction strategies, enhancing
habitat conservation, and fostering collaborative research to address microplastic pollution
in the studied ecosystems.
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INTRODUCTION

The environmental issue that is currently creating waves,
is plastic pollution. According to Lampitt et al. [1] around
400 million tons of plastic waste is being generated ev-
ery year. The first contamination caused by microplastics
in water bodies, was recorded by Carpenter and Smith et
al. [2] during the year 1972, detected microplastics on the
Sargasso Sea surface. The plastic production increased its
peak during the 1940’s and it became the fastest growing
industry worldwide. All developing countries contributed
to the major production of plastics. During the year 2013,
Asia alone contributed (45.6%) that is quarter of the world
plastic production. This was followed by Europe which
contributed 22.9% of plastic produce, North America with
19.4%, middle East and Africa, 7.3% and finally Central and
South America with 4.8%. Packaging was the major factor
for the rise of plastic manufacturing. Consumer and house-
hold products (like appliances, toys, plastic cutlery, and fur-
niture) also act as sources for the production. During the
year 2012, approximately 10 —12 million tons of plastic was
found, dumped in the ocean. The Indian Ocean had about
60000 tons of plastic accumulated during the year 2014 and
the Pacific Ocean had about 100000 tons of plastic in the
sea, which was alarming [3-7]. According to Geyer [8],
6300 metric tons of plastic waste was generated during the
year 2016. 79% of waste was being dumped in the landfills
without proper disposal. Borelle et al. [9] estimated that
about 19 to 23 metric tons of plastic waste was generated
worldwide during 2017. One of the notable events that oc-
curred in plastic production worldwide was during the year
2017-2018 when China imposed a plastic waste import
ban, which was reported by Wen et al. [10]. This resulted
in a sharp decrease in the plastic production worldwide.
The usage of single use plastics (SUP) trended during the
year 2019, again contributing to 50% of plastic produce
worldwide. According to Chen et al. [11], 360 million met-
ric tons of SUP’s were mass produced, globally. Due to the
prevalence of the COVID-19 pandemic, use of SUP’s such
as gloves (2.5 million per day), masks (4.6 million per day)
and disposable gowns (20 million per day) peaked during
the year 2020 in India. This statistical data was provided
by Shams et al. [12]. According to Walker et al. [13], 8300
million tons of plastic was produced during the year 2022
to 2023, out of which 6300 million tons of plastic was not
disposed properly. By the year 2050, the plastic production
would be doubled to billions of metric tons per year.

Plastic waste is broadly categorized into four classes based
on size: macroplastics (>25 mm), mesoplastics (5-25 mm),
microplastics (<5 mm) and nanoplastics (<100 nm) [14-
17]. Microplastics are further distinguished as primary or
secondary based on their origin [18, 19]. Primary micro-
plastics are miniscule particles intentionally manufactured
for microscopic applications, commonly found in personal
care products and synthetic textiles [20]. Secondary mi-
croplastics, conversely, originate from the fragmentation
of larger plastic debris due to environmental factors [21].
These microplastics (MPs) can be of different shapes like mi-

crobeads, fibers, fragments, film foam pellets and filaments
[22, 23]. They are omnipresent leading to contamination
of diverse global ecosystems from the deep ocean trenches
to land-based waterways and adjacent sediments [24-27].
Studies have also reported the presence of microplastics in-
side the aquatic organisms such as fishes [28, 29] and other
invertebrates such as in bivalves - green mussel [30], edible
oysters [31], great clam [30], crustaceans - white shrimps
[32], mud crabs [33], cephalopods - squid [34] and even
in zooplankton [35]. Ingestion of these microplastics (MP)
can lead to significant health risks, causing gut blockages,
oxidative stress, impaired growth, genotoxicity behavioral
alterations and reproductive issues [36-38]. Moreover, mi-
croplastics act as a carrier, accumulating persistent organic
pollutants, hydrophobic chemicals and heavy metals, am-
plifying the toxicity threats to ingesting organisms [39-41].

Plastic Overshoot Day Report for 2023 by EA-Environ-
mental Action indicates that India is estimated to have re-
leased around 330,000 tons of microplastic and 44,000 tons
of chemical pollutants into its waterways by the end of the
year [42]. This poses a significant threat to the health of
aquatic ecosystems and potentially to human health as well.
The complete measurement of microplastic contamination
and its resulting effects in India have not yet been entire-
ly determined. Hence, regular monitoring of microplastic
contamination is crucial.

This study investigates microplastic ingestion by two com-
monly consumed brackish water organisms, catfish (Arius
sp.) and mud crab (Scylla olivacea) sourced from the En-
nore creek and the two commercial important fishes Jap-
anese threadfin bream (Nemipterus japonicus) and Indian
Mackerel (Rastrelliger kanagurta) sourced from Kasimedu
landing center of Tamil Nadu. The proximity of the study
area to plastic industries, fishing activities, industrial dis-
charges and domestic/urban waste inputs provides context
for the potential sources of microplastics in that environ-
ment. Investigating microplastic ingestion in these specific
locations can help identify hotspots and contribute to the
understanding of regional microplastic pollution patterns.
The species that were chosen to investigate microplastic
ingestion in two commonly consumed brackish water or-
ganisms, catfish (Arius sp.) and mud crab (Scylla olivacea)
from Ennore. This is relevant as these species are important
for the local food supply and economy and understand-
ing their microplastic exposure is valuable. Additionally,
the two commercially important marine fish species, Jap-
anese threadfin bream (Nemipterus japonicus) and Indian
mackerel (Rastrelliger kanagurta), are appropriate for un-
derstanding microplastic contamination in seafood. Ex-
amining a range of species from different trophic levels
and habitats (brackish and marine) provides a more com-
prehensive understanding of microplastic pollution in the
local aquatic ecosystem. Hence this study aims to explore
and compare the abundance of microplastics in these dis-
tinct ecosystems, shedding light on potential variations in
microplastic contamination based on habitat and species
characteristics.
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Figure 1. Indicates the sampling sites: Ennore Creek (13° 15’ 26.28" N, 80° 20’ 16.08" E) and Kasimedu landing centre (13° 07’
42" N, 80°17' 38" E).

gl

FEAR

Figure 2. Ennore creek.

MATERIALS AND METHOD

Study Area

The present study focuses on the geographical coordinates
of Ennore Creek (13°15'26.28" N, 80° 20’ 16.08" E) and Ka-
simedu landing centre (13°07' 42" N, 80° 17’ 38" E) (Fig. 1).
Ennore creek, located in Ennore, Chennai, along the Coro-
mandel Coast of the Bay of Bengal, is identified as a back-
water with distinct features such as lagoons, marshes, and
submerged areas during high tide. This water body serves
as a tidal arm connecting to the Bay of Bengal through its
outlet at the creek. Shanthi and Gajendran [43] worked on
water pollution at the Ennore creek stated that the major
industrial installations that produce fertilizers, agrochemi-
cals and petroleum were situated closer to the Ennore belt,
making the estuary vulnerable and prone to contamination.
Kasimedu, considered as one of the largest fish landing cen-

Figure 3. Kasimedu fish landing centre.

tre of the Chennai coast. It comprises of about 457 trawlers,
engaging in fishing activities daily. The fishermen engage in
both deep-sea trawling as well as inshore fishing, there by
Kasimedu serves as a major hub for export of marine prod-
ucts from India [44]. Stretched along the shoreline for ap-
proximately 2 km, North of Chennai Port, Kasimedu plays
a pivotal role in supporting the local fishing community.

Ennore Creek has been designated as the first sampling site
(Fig. 2) for this microplastic study, focusing on two species:
Catfish (Arius sp.) and mud crab (Scylla olivacea). In con-
trast, Kasimedu landing centre is identified as the second
sampling site (Fig. 3), where the species under investigation
are the Japanese threadfin bream and Indian mackerel. The
rationale behind selecting these specific locations lies in the
diverse ecosystems they represent. Ennore Creek, being a
brackish water environment, serves as a habitat for organ-
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isms like Catfish and mud crab, which are not only indig-
enous to the region but also widely consumed by the local
population. On the other hand, Kasimedu features marine
habitat conditions, and the species chosen, Japanese thread-
fin bream and Indian mackerel, are commercially signifi-
cant and readily available in the area.

Collection, Processing, and Quantification of Microplastics
Wild caught, fresh specimens were directly collected
from the fishermen at the study areas mentioned above.
The collected samples were placed in the icebox, to
avoid any sort of damage or contamination. Then they
were transferred to the laboratory, for the next step.
Each specimen underwent individual measurements
for length and weight, and photographs were taken. The
gastro-intestinal (GI) tracts and gills of fishes, as well
as the hepatopancreas and gills of crabs were isolated,
weighed and stored separately in a sterile aluminum foil
foam bag at -20°C.

After storage, systematic thawing done by placing the
samples in a sealed metal container. Temperatures were
monitored hourly using probe thermometer until the
samples came to a room temperature. For fishes, the
tracts and gills were homogenized separately, while for
crabs, both hepatopancreas and gills were homogenized
together using an autoclaved mortar and pestle. Alka-
line digestion, involving approximately three times the
weight/volume of 10% aqueous KOH (potassium hydrox-
ide), was applied to the homogenized organic material,
maintaining the solution at 60°C for 72 hours [45-47].
The resulting material underwent filtration through two
sets of filters with mesh sizes of 1 mm and 125 um (What-
man No. 1) using distilled water. They were inspected for
the presence of microplastics under a Unilab binocular
research microscope and suspected particles were isolat-
ed for further analysis.

Precaution and Safety Measures

To minimize microplastic contamination throughout
the process, precaution measures were implemented
as mentioned by Kumar et al. [46]. The dissection area
was maintained in a clean environment to minimize air-
borne microplastics with a dedicated lab. All the instru-
ments that were used during the process were properly
sterilized. A dedicated, stainless-steel dissection kit was
used to avoid potential microplastic shedding from plas-
tic tools. Dissections were performed using double-dis-
tilled water to minimize any trace contaminants that
might interfere with microplastic analysis. To minimize
plastic usage, non-plastic containers and tools were used
whenever possible and to avoid potential contamina-
tion from microplastic leaching. Rigorous cleaning was
done. All the equipment used during the entire process,
including containers and instruments, was thoroughly
cleaned with filtered water followed by laboratory-grade
ethanol to remove any residual tissue and potential mi-
croplastic contaminants.

Characterization and Identification of Microplastics
Microplastic identification initiates with a thorough visu-
al inspection, enabling the initial recognition of particles
through assessments of size, shape and color. This qualita-
tive evaluation acts as an initial screening technique, facil-
itating the differentiation of potential microplastics from
organic substances. After the primary confirmation test, the
isolated microplastic particles underwent imaging proce-
dures and their respective diameters were measured. Then
the isolated suspected plastic particles underwent FTIR -
ATR (Fourier Transform Infrared Spectroscopy - Attenuat-
ed Total Reflectance) spectrophotometer analysis.

FTIR Analysis

Obtained plastic samples from the different species were
placed in the ATR window. For each sample, multiple ATR-
FTIR measurements were taken at different points to en-
sure to capture data from as many particles as possible, in-
cluding smaller ones.

ATR-FTIR spectra of samples were recorded at 4000-500
cm’’. FTIR spectra were obtained using the Perkin Elmer
spectrum ATR-FTIR spectrometer available at the Sophis-
ticated Analytical Instrumentation Facility at St. Peter’s In-
stitute of Higher Education and Research, Chennai. The in-
strument was under continuous dry air purge to eliminate
atmospheric water vapor. Interferograms were averaged for
32 scans at 4.0 cm™ resolution. Perkin Elmer Spectrum soft-
ware was used for the frequency measurements. The col-
lected spectra were further analyzed by Origin 8.0 software.
Microplastics are characterized by comparing the FTIR
results of each functional group of spectra with standard
values available from the literature.

Statistical Analyses

Statistical analyses were performed to evaluate the distribu-
tion of microplastics among species and to assess relation-
ships between various factors. All statistical tests were con-
ducted using IBM SPSS Statistics 27. Descriptive statistics
(meantstandard deviation) were calculated for the length
and weight measurements of each species. One-way Anal-
ysis of Variance (ANOVA) was used to test for significant
differences in the number of microplastics found among
the four species studied, with a significance level set at p
<0.05. To examine the relationship between microplastic
abundance in gills and guts, Pearson correlation analysis
was performed. The Pearson correlation coefficient (r) was
calculated to determine the strength and direction of the
linear relationship between these two variables. All graphs
and figures were created using Microsoft Excel.

RESULTS

Abundance of Microplastics in Fish and Crab Organs

In this study 70 samples from four commercially import-
ant species (Japanese threadfin bream, Indian Mackerel,
Catfish and Mud Crab) were investigated. The Japanese
threadfin bream had an average length of 15.7+17.7 cm
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Figure 5. Correlation of microplastic abundance between gills
and guts where x- axis depicts the microplastic abundance in the
guts and the y-axis depicts the microplastic abundance in the gills.

and a gut weight ranging from 4 to 9 g. Indian Macker-
el exhibited an average length of 19421 cm with a gut
weight ranging from 5 to 10 g. Catfish displayed an aver-
age length of 174£20.5 cm and a gut weight ranging from 4
to 10 g. The mud crab showed a carapace width of 10+13
cm and a hepatopancreas weight ranging from 13 to 16
g. Microplastics were detected in 55 (78.57%) samples,
highlighting their widespread occurrence in these species.
There were species-specific variations in distribution of
microplastics as Nemipterus japonicus and Arius sp. had
the highest average of 53 microplastic items/individual
and of 4+2.5 microplastic items/individual respectively.
While Rastrelliger kanagurta and Scylla olivacea showed
lower averages of 2+1 microplastic items/individual each.
A distinct organ-specific trends were noticed, with gills
harboring slightly more microplastics (0.35 items/gills)
than guts (0.21 items/gut). Statistical analysis using one-
way ANOVA (Analysis of Variance) indicated a significant
difference (p<0.05) in the number of microplastics found
among the four species studied (Fig. 4).

Pearson correlation analysis of the relationship between
microplastic abundance in the gills and microplastic
abundance in the guts of the studied species reveals a very
strong positive correlation. A Pearson correlation coeffi-
cient (r) of 0.978 was calculated, indicating a highly lin-
ear relationship between these two variables. These results
demonstrate that as the microplastic levels increase in the
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Figure 6. Different shapes of microplastics and their distribu-
tion among four species.
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Catfish Gills Catfish Gut Japanese Japanese Indian India Mud Crab
Threadfin  Threadfin Mackerel ~Mackerel
Bream Gills Bream Gut Gills Guts

Figure 7. Different colors of microplastics and their distribu-
tion among four species.

gills, they tend to increase correspondingly in the guts and
vice versa, suggesting a strong link between the accumula-
tion of microplastics in these two organs within the stud-
ied population (Fig. 5).

Characteristics of Microplastics in Fishes and Crab

The morphological characteristics of microplastics in four
different species were studied. Fibers and fragments were
the predominant microplastic shapes observed in all four
organisms, with thin filaments and film following. Catfish
and Japanese threadfin bream displayed a notable domi-
nance of fibers and fragments. The highest deposition oc-
curred in gills, with catfish gills having the highest fiber
concentration and Japanese threadfin bream gills and mud
crab’s hepatopancreas containing the highest fragment con-
centration (Fig. 6). Notably, microplastics in guts were gen-
erally larger than those in gills and the average size across
all species ranged from 700 pm to 1 mm.

Microplastics were detected in four colors: black, blue, white
and off-white (translucent). The most common color was
off-white (translucent) followed by white, blue and black.
White microplastics were the most dominant colour pres-
ent in the mud crab's hepatopancreas. Translucent micro-
plastics were notably concentrated in the gills of catfish and
Japanese threadfin bream. In the gut of catfish, the prevail-
ing color was blue, while black color was observed in higher
proportions only in Japanese threadfin bream gills (Fig. 7).
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Figure 8. FT-IR spectra of catfish gill, catfish gut and mud crab
hepatopancreas (Recorded in the region 4000-500 cm™).

FTIR Frequency Assignment of Microplastics Extracted
From Different Species

Figures 8-10 shows average FTIR spectra of extracted mi-
croplastics from the gill and gut of the respective species.
The spectra were recorded in the region 4000-500 cm™.
Table 1 shows the tentative frequency assignment of the
microplastics obtained from gill, gut of Indian mackerel,
Japanese threadfin bream, catfish and crab hepatopancre-
as respectively. As observed from the figure and table a
very weak peak ~2915 cm™ corresponds to asymmetric
C-H stretching occurs for the samples studied. A weak
intensity 2920-2840 cm™ observed corresponds to asym-
metric C-H stretching of low-density polyethylene (PE).
The gill and gut of the catfish have a strong and medium
peak ~2915 cm™ observed and for the rest of the samples,
weak peaks were observed. Symmetric C-H stretching
corresponds to ~2850 cm™ occurs for the sample except a
strong band occurs for the gill of the catfish as seen in the
Table 1 and Figure 6. C=0 stretching of weak to very weak
appears ~ 1653 cm and NH bend and C-N stretching fre-
quency assigned to ~1532 cm™ as observed in the samples.
NH bend and C-N stretching of low-density polyethylene
occurs in the range of 1530-1560 cm™. A medium to weak
peak of ~ 1462 cm™ occurs at the most of samples cor-
responding to CH, bending. CH, bending of PE occurs
at 1390-1400 cm™'. Our study supports the other findings
showing these peaks observed are characterized as poly-
amide (nylon) [48-51].

A strong band of ~1015 cm™ corresponds to C-O stretch-
ing polyethylene occurs at the gut of Japanese threadfin
bream and weak peaks were observed in the gut of catfish
were observed (Fig. 8, 10). The peaks occur in the region of
1124-1060 cm™ related to photo-aging polyethylene. C-O
stretch polyethylene occurs in the region 1010-1080 cm™
which are the characteristics of microplastics observed in
the study. The peaks ~780 cm™ and ~690-710 cm™ corre-
sponds to CH, and CH, rocking respectively. This band
characteristics the low-density polyethylene (LDPE) which
matches with the LDPE other researchers [49-52].

Figure 9. FT-IR spectra of Indian Mackerel gill and gut (Re-
corded in the region 4000-500 cm™).

Japancsc threadfin
bream's guis
-Japanese threadfin
bream's gills

0.5

% A

0.1

T T T T 1
2500 2000 1500 1000 500

Wavenumber (cm™)

T T
4000 3500 3000

Figure 10. FT-IR spectra of Japanese threadfin bream gills and
guts (Recorded in the region 4000-500 cm™)

Polymer Identification

The ATR FTIR analysis identified two microplastic types:
Low-density polyethylene (LDPE) and polyamide (nylon).
LDPE consistently appeared in all samples where its high-
est concentration was seen in the gills of Japanese threadfin
bream compared to its guts. In contrast, Indian mackerel
displayed similar LDPE values in both gut and gill samples,
indicating negligible changes in spectral intensity. The ob-
served poor quality of plastics in the mackerel's gut may
be linked to effective absorption during digestion. Japanese
threadfin bream exhibited the highest LDPE absorption,
implying the inefficiency of crab hepatopancreas and gills
in LDPE absorption, accompanied by poor plastic quality.

This study advances our comprehension of species-specif-
ic digestion and absorption mechanisms in the presence of
microplastics, emphasizing the variability among different
species. Furthermore, minimal absorption bands charac-
teristic of polyamide (nylon) was discerned in catfish gills
and guts, with a significantly higher peak intensities in gills,
suggesting preferential accumulation and higher abun-
dance in this tissue. These findings underscore potential
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Table 1. FT-IR spectral peaks on gill, gut of Indian Mackerel, Japanese threadfin bream, cat fish and crab hepatopancreas

Frequency  Functional group  Gill of Gill of Gut of Gut of Gill of Gut of Crab
assignment mackerel Japanese  mackerel Japanese  catfish catfish Hepatopancreas
threadfin threadfin
bream bream
2908 Asymmetric C-H 2915 (vw) 2917 (vw) - 2925 (vw)  2916(s) 2920 (m) 2925 (w)
stretching
2845 Symmetric C-H 2850 (vw) 2850 (vw) 2856 (vw) 2868 (vw) 2858 (s) 2846 (w) 2842 (w)
stretching
C=0 stretching 1653 (vw) 1639 (vw) 1647 (vw) 1645 (vw) 1642 (w)
1753 (s) 1749 (m) 1642 (w)
NH 1532 (vw) 1556 (vw) - 1537 (vw)  1545(s) 1557 (m) 1554 (m)
bend and C-N
stretching
CH, bending 1455 (w) 1454 (w)
CH, bending 1405 (w)
1463 CH, bending 1408 (w) 1406 (s) - 1416 (m) 1379 (vw) 1378 (vw) 1394 (s)
Related to photo- 1092 (s) 1158 (vw) 1154 (vw)
aging polyethylene
(1124-1060 cm™)
C-O stretching 1015 (S) 1092 (w)
polyethylene
C-O stretching 1083 (vw) 1042 (vw) 1045 (s)
C-O stretch 1012 (S) 1022 (m) 1027 (s) 1029 (s)
polyethylene
C-O stretch 1006 (s) 1081 (s)
CH, rocking, 794 (w) 787 (m) 784 (m)
717 CH, rocking 693 (m) 693 (vw) 698 (w) 715 (vw) 715 (vw)

S: Strong; M: Medium; w: Weak: Vw: Very weak.

variations in defense mechanisms and biological functions
across species in response to microplastics, providing valu-
able insights for further research in this field.

Table 1 shows tentative frequency assignment of the four
species. A weak intensity 2920-2840 cm™ observed corre-
sponds to asymmetric C-H stretching of low-density poly-
ethylene (PE). The very weak intensity of C=0 stretching
occurs in the range of 1630-1640 cm™. NH bend and C-N
stretching of low-density polyethylene occurs in the range
of 1530-1560 cm™. CH, bending of PE occurs at 1390-
1400 cm™. The peak occurs at 1120-1060 cm™ related to
photo-aging polyethylene. The strong to peaks occurs at
1000-1030 cm™ C-O stretching polyethylene. A week peaks
680-780 cm™ CH,/CH, rocking polyethylene (Fig. 8-10).

DISCUSSION

Microplastics pollution is one of the major global phenom-
ena of the current decade. Several studies have been carried
out all over the world to detect the presence of microplas-
tics and analyzing them and the impacts they cause on liv-

ing organisms. They were found accumulated in the gills,
gastrointestinal tract and organs of various biota. It consists
of plankton with accumulation of 164 particles/m® [53],
corals consist of 50 pg plastic cm™ h* [54], marine fishes
had 112 pieces of microplastics on an average [55], man-
grove fishes were found to have 0.79 to 1.00 particles [56].
So, understanding the microplastics abundance is essential.

Abundance of Microplastics in Fish and Crab Organs

This study highlights the concerning prevalence of micro-
plastics in commercially important aquatic species with
detection in 78.57% of samples across four species. This
widespread occurrence demands closer inspection, espe-
cially considering the observed species-specific variations
and organ-specific distribution. These findings raise critical
questions about the potential ecological and human health
implications of microplastic pollution. The study identified
Nemipterus japonicus (Japanese threadfin bream) harboring
543 microplastic items/individual and Arius sp. (catfish)
containing 4+2.5 microplastic items/individual, showing
that they have the highest microplastic accumulation rate
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comparatively. This may likely due to their benthic feeding
habit [57] near microplastic-laden sediments. Rastrelliger
kanagurta (Indian mackerel) and Scylla olivacea (mud crab)
showed lower microplastic averages of 2+1 microplastic
items/individual each, potentially due to their pelagic or
intertidal habitats. This trend of higher abundance of mi-
croplastics were also seen in similar recent studies such as
in Japanese threadfin bream (Nemipterus japonicus) had
28.33+8.11 particles/individual out of 9 samples, Indian
Mackerel (Rastrelliger kanagurta) had 20.89+8.79 parti-
cles/individual out of 9 samples [58], Catfish (Arius sp.)
showed 1.7740.25 particles/individual out of 35 samples
[59] and several other crab species also showed the pres-
ence of microplastics, emphasizing the organisms nature of
microplastic consumption. However, further research con-
sidering factors like feeding ecology, prey preference and
microplastic characteristics is needed [60]. Furthermore,
the study revealed organ-specific distribution of microplas-
tics. The higher microplastic presence in gills (0.35 items/
gills) compared to guts (0.21 items/gut) suggests potential
direct filtration and accumulation in gill structures. This
aligns with previous studies reporting gills as primary accu-
mulation sites [23]. Understanding the potential physiologi-
cal impacts and translocation pathways within organisms is
crucial to fully understand its effect [61]. The significant dif-
ference in microplastic distribution among species (p<0.05)
underscores the critical need for species-specific assess-
ments and targeted management strategies. Ignoring these
variations could lead to underestimating risks for vulnerable
populations and hindering effective mitigation efforts.

Sources of Microplastics

The sources of microplastics in Ennore creek and Kasimedu
fish landing center are multifaceted, reflecting the heavily
industrialized and urbanized nature of the region. Ennore
creek, a polluted industrial estuary in Chennai, Tamil Nadu,
encounters microplastic inputs from wastewater discharge
by nearby industrial units and residential areas [47], run-
off from roads and urban areas carrying plastic litter [62],
atmospheric deposition of airborne microplastics [63], as
well as fishing activities and lost fishing gear [64]. Kasime-
du, the largest fish landing center in Chennai located along
Ennore creek, faces microplastic pollution from discarded
and lost fishing nets, lines, ropes and other gear, microplas-
tics entering the food chain from the contaminated creek
waters [65], improper waste disposal by fish vendors and
workers [66] and urban runoff carrying plastic waste [62].
The high levels of industrialization, urbanization and fish-
ing activities in the region are significant contributors to
the microplastic contamination of these aquatic ecosystems
[67], highlighting the need for effective waste management
and better regulation of industrial effluents to address this
growing environmental issue.

Characteristics of Microplastics in Fishes and Crab

The microplastics observed in four aquatic species, revealed
intriguing patterns in their shapes, sizes and colors. The or-
igin of different microplastic sizes in the samples were due
to several factors, in ocean plastic particles deteriorate ac-

cording to its power function resulting in different size range.
Environmental degradation plays a vital role as the larger
plastics break down into smaller pieces due to UV radiation,
mechanical abrasion, and biological processes [14]. Different
environmental conditions (e.g., temperature, salinity) affect
the rate and extent of plastic fragmentation [68]. Several
studies have classified microplastics based on its size such as
Gad et al. [69], worked on microplastic extraction from two
commercialized fishes, hardhead catfish (Ariopsis felis) and
southern flounder (Paralichthys lethostigma) of the Gulf of
Mexico. The microplastics were categorized into three differ-
ent categories based on different sizes as small (20-1000 pum),
medium (1000-2500 pm), and largest (2500 pum). Ranjani et
al. [70], extracted microplastics from two major harbours,
the Ennore and Chennai harbour. These microplastics were
classified into five categories based on their size range. Ineya-
thendral et al. [71], collected four major commercial fishes
Sphyraena jello, Nemipterus japonicus, Leiognathus species,
Sardinella longiceps of the Chennai Coast. Each fish had dif-
ferent feeding habits which played a major role in microplas-
tic accumulation in the gut region. A total of 607 microplastic
pieces were observed within size range 0.1 mm to 5 mm.

Fibers and fragments were the two most dominant shapes
found in all the four organisms; this is likely due to their
abundance in the environment from larger plastic break-
down [20]. Interestingly, catfish and Japanese threadfin
bream seem particularly susceptible to these shapes, po-
tentially reflecting their feeding habits or habitat charac-
teristics [60]. With larger microplastics (>700 pm) residing
mainly in the guts, suggests potential ingestion and in-
complete digestion. In contrast, gills harbor smaller ones,
possibly due to direct filtration or passive adsorption [23].
This highlights the varying uptake pathways and poten-
tial impacts depending on the microplastic size. A range
of color variations in microplastics were observed. Trans-
lucent microplastics seem favored by catfish and Japanese
threadfin bream gills, while white microplastics dominates
the mud crab's hepatopancreas. The transparent fragments
and fibers could be derived from the decomposing of fish-
ing nets/lines according to their features. These results
were similar to Beibu Gulf [72] indicating that the plastics
products from fishery activities played an essential role in
microplastics pollution. These variations could be linked
to factors like production processes, biofouling or selective
accumulation mechanisms [73]. According to Marti et al.
[74], the color of the plastic pieces fade over time when they
are exposed to sunlight for long periods of time. Photo ox-
idative damage resulted in fragmentation of plastic pieces
and color changes to white and yellow to brown color in
over period. These factors affect both the mechanical prop-
erties as well as color of the plastics pieces. Additionally,
blue dominates catfish guts, potentially reflecting specific
prey preferences or environmental exposure. Blue could
be sourced back to the fishing nets. The scarcity of black
microplastics suggests lower environmental presence or
different uptake pathways. Investigating the potential im-
pacts of different shapes, sizes and colors on these species is
crucial to assess the full scope of microplastic threats [75].
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Polymer Identification

The ATR-FTIR analysis conducted identified two primary
types of plastics: low-density polyethylene (LDPE) and poly-
amide (nylon). LDPE was consistently found in all four sam-
ples, indicating its widespread presence. The potential sourc-
es of LDPE include plastic bags and packaging, fishing gear
and single-use plastics. On the other hand, nylon was also
detected and its possible sources include fishing gear, textiles
and clothing, wastewater, various industrial and commer-
cial applications. The distinct LDPE concentrations in Jap-
anese threadfin bream (gills > gut) vs. mackerel (gut = gills)
highlight species-specific variations in digestion process to
breakdown poor - quality plastic and absorption mecha-
nisms [76]. Higher LDPE concentration in Japanese thread-
fin bream gills than guts suggest inefficient absorption, po-
tentially due to differences in gill morphology or filtration
mechanisms impacting particle capture [20] and variations
in digestive enzymes or gut microbiota composition affect-
ing breakdown [73]. Similar LDPE levels in mackerel gut
and gills imply efficient absorption, possibly linked to gut
morphology or enzymes facilitating LDPE uptake [77]. In-
terestingly, crab hepatopancreas and gills exhibited minimal
LDPE absorption, suggesting species-specific defense mech-
anisms or digestive processes. These findings highlight the
need for further research into the factors influencing LDPE
absorption and its potential ecological impacts.

Polyamide, commonly known as nylon had minimal ab-
sorption bands in catfish gills and guts and significantly
higher intensities were observed in gills. This suggests pref-
erential accumulation of nylon in gills due to their filtra-
tion function or specific binding mechanisms [61]. Further
research is needed to understand the implications of poly-
amide accumulation in gills and its effects on fish health
as highlighted in the study. This study insights are in line
with previous research highlighting the intricate interplay
between microplastics and aquatic organisms’ physiologi-
cal processes [61]. Future research needed in understand-
ing the digestive and absorption mechanisms employed by
different species, exploring factors like gut morphology, en-
zymatic activity and plastic characteristics [18].

Potential Risks to the Studied Species and Human
Consumption

The widespread presence of microplastics observed in this
study raises concerns about the potential health impacts on
the targeted marine species and the humans who consume
them. Microplastic ingestion has been shown to have physio-
logical and ecological consequences, such as impaired growth,
reduced reproductive fitness and disruption of overall organ-
ismal function, in similar marine organisms [60]. Given the
high levels of microplastic accumulation found in species like
Nemipterus japonicus and Arius sp., further research is need-
ed to elucidate the specific health impacts on these species
and the implications for their population dynamics and the
broader ecosystem. Additionally, the presence of microplas-
tics in the studied species poses a potential risk to human
consumers, as these contaminants may bioaccumulate and
transfer up the food chain. Existing literature suggests that

microplastic ingestion in humans can lead to gastrointestinal,
immunological and endocrine-disrupting effects [23, 77],
highlighting the importance of monitoring microplastic lev-
els in seafood and establishing safe consumption guidelines.

Limitation of the Study

The study is limited to the accumulation of MPs in specific
species. Broader ecological and health impacts of MPs, par-
ticularly within the framework of the One Health approach,
have not been addressed. This represents a significant research
gap that needs to be explored in future studies. The MPs were
separated into size classes and concentrated ATR-FTIR anal-
ysis were done only on the larger fractions (>500 pm), where
the technique is most effective. The findings are based on
samples collected within a specific time frame and geographic
area. MP pollution can vary significantly over time and across
different locations, so the results may not be generalizable to
other regions or time periods. Longitudinal studies are needed
to understand the chronic impacts of MP exposure.

CONCLUSION

The study investigated the presence and characteristics of
microplastics in four commercially important aquatic spe-
cies - Japanese threadfin bream, Indian mackerel, catfish,
and mud crab from two locations in Tamil Nadu, India.
Microplastics were found in 78.57% of samples, indicating
their widespread presence. Significant species-specific vari-
ations in accumulation of microplastics were observed with
Nemipterus japonicus and Arius sp. showing the highest
levels of microplastic deposition which is likely influenced
by their feeding habits. Gills exhibited slightly more micro-
plastics than guts, implying direct filtration and accumu-
lation. Fiber and fragment shapes were the most prevalent
microplastic shapes, reflecting their environmental abun-
dance, while the most common microplastic colors were
off-white (translucent), white, blue and black. The determi-
nation of microplastic colors and their origin is a complex
issue because these colors may not necessarily reflect the
original color of the plastic products. The colors that were
observed were not bright but merely faded due to possible
several factors such as photo oxidation, weathering, addi-
tive leaching etc. that can influence the observed colors.
Larger microplastics were in guts, while smaller ones were
in gills, suggesting different uptake pathways. FTIR analysis
identified two main polymer types — low density polyeth-
ylene (LDPE) and polyamide (nylon). Species-specific dif-
ferences were observed in the absorption and accumulation
patterns of these polymers. Further research is essential for
understanding digestive and absorption mechanisms, po-
tential health impacts and population dynamics. The results
of this study highlight the need for targeted, species-spe-
cific assessments and management strategies to address the
growing issue of microplastic pollution in the studied eco-
systems. To facilitate immediate action for mitigating mi-
croplastic pollution in the studied areas, an establishment
of comprehensive monitoring programs are recommended,
implementing source reduction strategies, enhancing habi-
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tat conservation and restoration, developing fisheries man-
agement plans that incorporate microplastic contamination
as a key consideration and fostering collaborative research
to better understand the fate, transport and biological im-
pacts of microplastics in the studied ecosystems. By imple-
menting these targeted actions, tailored to the specific eco-
logical and socio-economic contexts of the study regions,
proactive steps can be taken to address the microplastic
pollution challenge and safeguard the health of the studied
marine species and the communities that depend on them.
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INTRODUCTION

The European Union has spearheaded the Blue Growth ini-
tiative, envisioning it as a strategic tool for fostering econom-
ic prosperity within European seas amidst challenges such
as climate change, dwindling natural resources, heightened
environmental vulnerabilities, urbanization trends, and the
burgeoning population in coastal areas [1]. Building upon
the EU's 2010 Green Growth initiative, Blue Growth extends
its sustainability ethos to marine domains [2,3]. This stra-
tegic framework is anchored in pledges for the sustainable
stewardship of marine ecosystems and the promotion of
technological innovations, which serve as catalysts for both
technological and economic advancement [4]. Blue Growth
focuses particularly on sectors such as energy, aquaculture,
tourism, mining, and biotechnology within coastal and off-
shore environments [5]. The prominence of Blue Growth
and its allied concepts has surged in recent years, particularly
following significant events like Rio + 20, exerting a substan-
tial influence on oceanic and marine resource management
practices [6,7]. Blue growth is a term that was introduced in
2007 to describe a sustainable growth strategy that aims to
harness the economic potential of oceans, seas, and coastal
areas while preserving their environmental health. This con-
cept is part of the broader sustainable development agenda
and focuses on balancing economic growth with the need
to protect marine ecosystems. [7]. Moreover, this holistic
approach to marine resource management not only under-
scores the importance of conservation but also emphasizes
the potential for innovation and economic growth within
sustainable parameters [8,9]. By integrating environmen-
tal preservation with technological progress, Blue Growth
not only addresses immediate challenges but also paves the
way for a more resilient and prosperous future for coastal
communities and marine ecosystems alike [10,11]. Efforts
to manage marine resources are increasingly streamlined
with the concept of 'blue growth', a recent addition to the
discourse [12,13]. Stemming from the principles of sustain-
able development (SD), which have been under internation-
al scrutiny since the 1960s, blue growth seeks to balance the
sustainable utilization of natural resources with economic
and social objectives [14]. The European Commission (EC)
introduced the Blue Growth agenda in 2012, extending the
ethos of the 'Green Economy' to encompass the 'Blue World'
or 'Blue Economy' [15]. This paradigm shift aims to harness
sustainable growth opportunities in marine, maritime, and
coastal domains. The overarching goal is to maximize bene-
fits from the responsible development of marine ecosystems
[16,17]. Under the Blue Growth agenda, economic activities
are poised to impact the marine environment, particular-
ly concerning the concept of Good Environmental Status
(GES). Within the framework of European Union (EU) pol-
icies, a clean, healthy, and productive marine environment
is paramount [18,19]. National governments and corporate
entities alike are championing the blue growth agenda, po-
sitioning oceans as fertile ground for development, replete
with opportunities to fuel economic expansion [20], [21].
The European Union, with its 'Blue Growth Strategy’, iden-

tifies oceans as pivotal drivers of the European economy.
Realizing their potential necessitates fostering market forc-
es by dismantling barriers and addressing market failures
that impede innovation and investment. Within the scope
of bibliometric analysis, the field of blue economy, which
forms the basis for global studies on Blue Growth, should
be discussed. This study aims to explore the trajectory of
global research concerning Blue Growth, encompassing its
implications across science, policy, and the blue economy.
The purpose is to trace the expansion of literature, identify
key contributors, analyze collaborative efforts, and highlight
research trends and gaps within this domain.

To effectively measure and analyze the progress and impact
of these efforts, bibliometric analysis provides a valuable
tool. Bibliometric analysis is an analytical technique that is
often employed in systematic literature reviews—it involves
the quantitative analysis of scholarly works [22]. Through
bibliometric analysis, we can evaluate the productivity (i.e.,
publications) and impact (i.e., citations) of research (e.g., ar-
ticles) and contributors (e.g., authors, institutions, countries/
territories, funders, subject areas) in the field—this relates to
“performance analysis,” [23-25] which is one of the two ma-
jor components in bibliometric analysis. Nonetheless, given
the complex world of scholarly research, bibliometric data is
often ambiguous, in that it can be meaningless on its own,
diverse due to varying formats, and expansive, often includ-
ing hundreds to thousands of records. These characteristics
reflect the multifaceted dynamics of research production
(i.e., publication) and consumption (i.e., citation).

In this study, we examine the trajectory of global research
concerning blue growth within the realms of science, pol-
icy, and the blue economy. Our analysis offers a compre-
hensive overview of the developments observed and the
publications produced during the 17-year span following
the introduction of the term "blue growth" in 2007. These
objectives encompassed: a) tracing the expansion of blue
growth literature across time; b) delineating the countries,
institutions, publishing entities, and authors contribut-
ing to blue growth discourse; ¢) uncovering collaborative
efforts among nations and institutions in advancing blue
growth initiatives and disseminating related studies; and d)
discerning prevailing research trends and identifying gaps
within this domain.

MATERIALS AND METHODS

The study employs bibliometric analysis to examine the evo-
lution of Blue Growth literature from its inception in 2007.
This analytical technique involves quantitative assessment of
publications and citations to elucidate productivity and im-
pact across various dimensions: countries, institutions, au-
thors, and collaborative networks. By synthesizing data from
scholarly databases, the study aims to provide a compre-
hensive overview of research dynamics in the field. In May
2024, our study utilized a bibliographic search employing
the Web of Science (WoS) database. WoS stands as a premier
academic information resource, encompassing an extensive
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array of subjects worldwide, thereby furnishing scholars
with comprehensive academic insights [26]. The core col-
lection of WoS, which serves as the primary data source for
this paper, comprises several key databases, namely Confer-
ence Proceedings Citation Index-Science (CPCI-S), Science
Citation Index Expanded (SCI-EXPANDED), Social Sci-
ences Citation Index (SSCI), Current Chemical Reactions
(CCR-EXPANDED), and Index Chemicus (IC).

We examined publications from WoS's proprietary data
spanning 2007 to 2024, utilizing "blue growth" as the search
criterion. Documents featuring "blue growth" in the title,
keywords, and/or abstract were included. Bibliometric anal-
ysis was carried out utilizing VOSviewer an open-source
tool facilitating data visualization and both descriptive and
quantitative analysis of bibliographic data. To ascertain the
most prolific countries, each publication was attributed to
the country of its corresponding author. A collaboration
world map was generated to enhance the visualization of
international cooperation among countries, distinguishing
between Single Country Publications (involving authors
from the same country) and Multi-Country Publications
(featuring authors from multiple countries). To complement
the global perspective provided by the collaboration world
map, we conducted a network analysis utilizing authors'
affiliations as the units of analysis. The institution collabo-
ration network illustrates how institutions interact in blue
growth research, highlighting pertinent institutions within
specific research themes. The graphical representation of
this network comprises several clusters, with institutions de-
picted as nodes (scaled according to their significance) and
links denoting collaborations. Furthermore, we conducted a
co-word analysis utilizing publication keywords to identify
and visualize key themes within blue growth research.

RESULTS AND DISCUSSIONS

Results

Bibliometric analysis provides significant insights into the
research landscape in a specific discipline, offering light on
trends, patterns, and areas of attention. The wide range of
article types encountered in the analysis of blue growth lit-
erature, including articles, books, book chapters, data pa-
pers, early access publications, editorial materials, letters,
reviews, and proceeding papers, demonstrates the multifac-
eted nature of scholarly contributions to this field. Each sort
of publication serves a certain purpose and contributes to
the advancement of knowledge in blue growth. For exam-
ple, research articles and data papers present empirical ev-
idence and theoretical frameworks, whereas book chapters
and books give detailed analyses and synthesis of current
information. Editorials and letters may offer perspectives
on new issues or conflicts, whereas reviews provide critical
assessments of current work. Proceeding articles frequent-
ly report preliminary results or explain ongoing scientific
projects. The variety of publication types reflects the inter-
disciplinary character of blue-growth research, with con-
tributions from domains like marine biology, economics,
policy studies, and engineering.

Review Article
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Editorial Material
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Book Chapters

Article
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Figure 1. Research type of blue growth articles regarding
WoS data.
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Figure 2. Number of articles published on blue growth by year
according to the WoS data.

Understanding the distribution of various publication
genres can assist academics and policymakers in assessing
the breadth and depth of scholarly engagement with blue
growth, identifying gaps in knowledge, and prioritizing
areas for future research and collaboration. As shown in
Figure 1, a significant 75.16 percent of research-focused ar-
ticles in the field of blue growth compiled from WoS data
are articles.

This statistic underscores the heavy focus on empirical re-
search and scientific discourse within the discourse sur-
rounding blue growth. Based on the article "The sheer
breadth of contributions highlights the depth of research and
scholarly engagement within academic communities in un-
covering the complexities of the blue growth phenomenon.

Figure 2 shows the number of published articles on blue
growth in 2007-2024. From 2007 to 2022, there was a dis-
cernible upward trajectory in the volume of published arti-
cles. The study period is delineated into three distinct phases:
Phase I spanning 2007-2013; Phase II from 2013-2022; and
Phase III from 2022 onwards. Initially, during Phase I, the
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Figure 4. Research areas of blue growth articles according to the WoS data.

number of publications remained relatively stagnant from
2007 to 2013. However, from 2013 to 2022, there was a no-
ticeable uptick in publication numbers. Subsequently, post-
2022, there was a discernible decline in publication output.

Knowing which nations have contributed publications on
the subject of blue growth based on WoS data provides var-
ious bibliometric benefits. For starters, it sheds light on the
global distribution of research activities and identifies geo-
graphic regions with a high level of interest and investment
in blue growth. This data can be used to pinpoint locations
that may be underrepresented or ignored in blue growth
research and development, as well as those that are at the
forefront of the field. Furthermore, examining national con-
tributions makes it possible to evaluate global alliances and

collaborations, exposing trends in information sharing and
cooperation among researchers worldwide. In order to pro-
mote innovation and sustainable development in the marine
and maritime sectors globally, strategic decisions on fund-
ing priorities, policy development, and resource allocation
can be made with more knowledge about the geographic
distribution of blue growth research output. The countries
that spent the most effort on bibliometric studies were Italy,
England and Spain (Fig. 3). It is noteworthy that researchers
in Republic of China, who have made many contributions
to the scientific literature, do not show interest in this issue.

To delve deeper into the research themes within the realm
of blue growth over the past 17 years, an analysis was con-
ducted using WoS data (Fig. 4). The findings indicate that
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the primary areas of research focus are Environmental Sci-
ence and Ecology, followed closely by Business Economics.
This suggests that environmental science has emerged as the
predominant direction within this field of study, serving as
its cornerstone for advancement. Consequently, disciplines
related to the environment lay the groundwork for research
on the sustainable progression of blue growth. Categories
of blue growth articles according to the WoS data is shown
in Figure 5.

The examination of Web of Science (WoS) data sheds light
on how blue growth research aligns with the European
Union's (EU) Sustainable Development Goals (SDGs). It
is worth noting that the corpus of studied publications ad-
dresses the bulk of the SDGs, except for targets 1, 5, and 10.
A major amount of the study, consisting of 289 papers, is re-
lated to SDG 14: Life Below Water, demonstrating a strong
emphasis on marine conservation, sustainable fishing,
and the overall health of ocean ecosystems. Furthermore,
the findings show a strong emphasis on SDG 15: Life on
Land, with 264 items tagged as relevant to this target. This
implies an understanding of the connectivity of terrestri-
al and marine ecosystems, emphasizing the significance of
comprehensive approaches to environmental sustainability
and biodiversity conservation. Moreover, the presence of
research linked to SDG 13: Climate Action (64 articles) and
SDG 7: Affordable and Clean Energy (31 articles) under-
scores the recognition of the crucial role of renewable en-
ergy, mitigation of climate change impacts, and sustainable
resource management in the context of blue growth initia-
tives (Table 1). Overall, the observed alignment between
blue growth research and a wide range of SDGs signifies
the interdisciplinary nature of efforts aimed at advancing
sustainable development in coastal and marine environ-
ments. By addressing various dimensions of sustainability,
from environmental conservation to socioeconomic equity,
researchers and policymakers contribute to the collective
endeavour of achieving a more resilient and prosperous fu-
ture for both humanity and the planet.

The analysis, carried out using VOSviewer, provided in-
sights into the keywords associated with blue growth.
1,239 keywords were examined. Among these, "blue
growth" stood out with 175 occurrences (O) and a total
link strength (TLS) of 846. In addition, keywords such
as "blue economy" (O: 78, TLS: 381), "aquaculture” (O:
51, TLS: 274) and "sustainable development" (O: 30, TLS:
150) were identified as significant (Fig. 6). Highlighting
the importance of the data mining analysis of keywords
within the articles, it becomes clear that certain terms
play a crucial role in understanding the discourse on
blue growth. Notable keywords include "maritime spatial
planning", "sustainability”, "climate change", "fisheries",
"ocean governance", "Baltic Sea", "ecosystem services"
and "ocean economy". Such an analysis underlines the
importance of delving into the intricate web of article’s
keywords in order to grasp the multifaceted dimensions
of blue growth. This can enhance our understanding and
guide future research efforts. Keyword usually indicates
the main purpose of any article in depth and they can
easily explain as shown in Figure 6, some keywords were
found whose occupancy rates maintained their position
in both. Figure 6 shows the most common author key-
words and the author keyword network in articles. The
most popular keywords of the authors are blue growth,
blue economy and sustainable economy.

This is confirmed by the fact that the topic of innovation
in the field of blue growth is a development topic. The bib-
liographic coupling of universities studied on blue growth
subjects can be seen in Figure 7.

Institutional analysis has proven to be more insightful
than author-centered analysis because of its immunity
to the mere act of renaming, which often occurs with-
out changing the underlying institutional hierarchy. In
this regard, the University of Exeter stands out as the
university that hosts the highest number of published
academics.
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Table 1. Distribution of blue growth articles regarding EU

sustainable development goals

Table 2. Top 25 research profiles of mostly published authors
of blue growth articles
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Flannery, Wesley

Additionally, leveraging the WOS database allows deter-
mining the number of co-authors affiliated with a partic-
ular institution, providing an estimate of the size of the
research community. However, it is important to recog-
nize inherent disparities in institution sizes, as top-tier
institutions often have larger research groups than their
lower-ranked counterparts. Considering these factors, it
was concluded that University Exeter and CNR emerged
as the most efficient institutions.

The analysis conducted using VOSviewer, based on the
aforementioned results, sheds light on the scholarly con-
tributions of various countries to the discourse on blue
growth. A time frame from 2007 to 2024 was chosen to
identify node types, with each year represented separately.
Vosviewer was used to create a co-occurrence knowledge
map showing research on sustainable development within
the blue economy across countries (Fig. 8). In this map,
each node corresponds to a specific country or region, with
a size indicator showing the volume of articles published.
Links defined by lines between nodes express cooperative
relationships and proximity between countries or regions.
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Figure 6. Keywords analysis of “blue growth” according to the Web of Science database.

Examining the frequency of publications on sustainable
blue economy development from 2007 to 2024 it can be
seen that the biggest contributors in terms of publication
volume are the UK, the USA, and Germany. Italy emerg-
es as a notable contributor with 86 articles, accompanied
by an impressive citation count of 1844 and a total link
strength (TLS) of 31707. Similarly, Spain exhibits substan-
tial involvement, with 70 documents, 1609 citations, and a
TLS of 33854. Moreover, it is evident that countries like En-
gland, Germany, Portugal, the USA, Scotland, France, Swe-
den, Norway, and Greece also have a significant presence
in terms of the number of articles contributed to this field.
This global distribution underscores the international in-
terest and collaboration in researching and understanding
blue growth, reflecting the diverse perspectives and exper-
tise involved in advancing knowledge and solutions in this
domain. Such analyses not only highlight the geographical
distribution of research efforts but also provide insights
into the interconnectedness and collaboration networks

among researchers and institutions worldwide. This collec-
tive endeavor is crucial for addressing the challenges and
opportunities posed by blue growth, fostering innovation,
and promoting sustainable practices for the benefit of both
marine ecosystems and human societies.

Abstract field analysis of blue growth articles based on WoS
data reveals the most frequently used keywords as "blue,"
"ecology,” "tourism,” and "production.”" These keywords
highlight the primary focal points of research on blue
growth. Figure 9 provides a more detailed depiction of the
frequency and relationships of these keywords.

Table 2 shows the research profiles of the authors of articles
published on the topic of “blue growth”. "Blue growth" is a
term often used for sustainable use of marine and ocean
resources and economic growth. The name and number
of records of each researcher in the articles are listed. Re-
searchers may have discussed the issue of blue growth in
their articles and conducted studies in this area. Jonne Kot-
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Figure 7. Bibliographic coupling of universities according to
the WoS data.

ta wrote eight articles, while Sander W.K. Van Den Burg
and Ibon Galparsoro are authors of seven articles each.
Some researchers are represented by six, five or four arti-
cles, while others are represented by fewer articles. Table 3
shows the density and contributions of researchers working
in the field of blue growth.

Citation themes offer important insights on the thematic
focus and the most important study subjects in the field,
especially when considered in the context of meso records
of blue growth based on WoS data. Researchers can find
important themes, new trends, and foundational publica-
tions that have greatly advanced our understanding of blue
development by examining citation patterns. Many areas,
such as marine biology, oceanography, fisheries manage-
ment, aquaculture, marine biotechnology, coastal zone
management, maritime transportation, marine renewable
energy, and blue economy policies, may be covered by these
citation topics. Researchers can map the field's intellectual
structure, find interdisciplinary linkages, and uncover ar-
eas of convergence or divergence within blue-growth re-

Table 3. Citation topics meso records of blue growth regarding
WoS data

Record count Citation
topics
meso

3.2 Marine biology 272

8.205 Ocean dynamics 26

6.115 Sustainability science 17

6.153 Climate change

3.40 Forestry

6.27 Political science

3.198 Mycotoxins

6.223 Hospitality, leisure, sport & tourism

6.122 Economic theory

6.86 Human geography

8.19 Oceanography, meteorology & atmospheric sciences
4.84 Supply chain & logistics

6.3 Management

8.8 Geochemistry, geophysics & geology

3.171 Photoproductivity

3.60 Herbicides, pesticides & ground poisoning
4.169 Remote sensing

6.10 Economics

6.294 Operations research & management science
8.283 Archaeometry

2.241 Membrane science

3.83 Bioengineering

4.237 Safety & maintenance

4.284 Human computer interaction

NN NN W W W W W W ke Ul YN YNNI N oo

1.163 Parasitology - general

search by having a thorough understanding of the issues
that receive the most citations. It also makes it easier to
find gaps in the literature, emphasizing areas that require
more research and cooperation to address urgent issues and
progress the sustainable development of marine resources
and ecosystems. Blue growth is a concept that includes the
aim of sustainably sustaining growth in the sea and ocean
and the economic, social, and growth derived from these
resources. These citations reflect the diversity of research
conducted in various disciplines on the resilience of blue
growth. Topics such as marine biology, economics, sustain-
ability science, climate change, and tourism are prominent
areas expanded on blue growth.

Table 4 shows and it can be noted that the journals Marine
Policy and Frontiers in Marine Science are prominently
featured among the journals where blue growth articles
are published.

Table 4 provides a breakdown of the journals in which arti-
cles on blue growth have been published and the number of
records corresponding to each publication title. These jour-
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Figure 9. Abstract field analysis of blue growth articles according to the WoS data (10 occurrences).
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Table 4. Journals that blue growth articles published

Table 5. Funding agencies of blue growth articles

Publication titles Record Funding agencies Record
count count
Marine Policy 68 European Union (EU) 90
Frontiers in Marine Science 33 Horizon 2020 32
Ocean Coastal Management 23 H2020 Societal Challenges Programme 26
Maritime Studies 15 UK Research Innovation (UKRI) 21
Sustainability 13 Fundacao Para a ciencia e a Tecnologia (FCT) 19
Science of the Total Environment 12 Spanish Government 14
Sustainability Science 8 Natural Environment Research Council (NERC) 12
Ices Journal of Marine Science 7 Interreg Europe 11
Ocean Engineering 6 European Commission Joint Research Centre 10
Water 6 Swedish Research Council Formas 9
Algal Research Biomass Biofuels and Bioproducts 5 Research Council of Norway 8
Aquaculture 5 European Union’s Horizon 2020 Research and
d Innovation Programme 6

Journal of Marine Science and Engineering 5 Research Council of Finland 6
Reviews in Aquaculture > Australian Research Council 5
Frontiers in Energy Research 4 Economic Social Research Council (ESRC) 5
Proceedings of the ASME InFernati.onal Conference Marie Curie Actions 5
on Ocean Offshore and Arctic Engineering 4

National Natural Science Foundation of China (NSFC) 5
Ambio 3

Azti 4
Building Industries at Sea Blue Growth and the )
New Maritime Economy 3 Cgiar 4
Coastal Management 3 Engineering Physical Sciences Research Council (EPSRC) 4

. European Union’s Horizon 2020 Research and Innovation

Ecosystem Services 3

Program 4
Environmental Engineering and Management Journal 3 Vapem Project Fisheries and Aquaculture Directorate of the
Ercim News 3 Basque Government 4
Journal of Cleaner Production 3 Xunta de Galicia 4
Journal of Coastal Conservation 3 Australian Government 3
Lecture Notes in Computer Science 3 Cesam 3

nals cover a wide range of fields, reflecting the interdisci-
plinary nature of blue growth research. “Frontiers in Marine
Science” emerges as a prominent platform for blue growth
discourse with 33 entries. This journal can be considered a
primary outlet for researchers to disseminate their findings
and insights within the marine science community. Simi-
larly, “Marine Policy” stands out with 68 contributions and
reveals its importance as an important publication in shap-
ing policies and strategies regarding blue growth initiatives.

In Table 5, it is emphasized that the funding agencies of the
articles are shown, with particular importance placed on
the 90 supports from the European Union.

Table 5 presents the funding agencies that have supported
research articles related to blue growth, along with the cor-
responding record counts for each agency. These funding
bodies play a crucial role in promoting and advancing re-
search efforts aimed at understanding and promoting sus-
tainable ocean-based economies. The European Union (EU)
emerges as a significant contributor, with various programs

and initiatives such as “European Union's Horizon 2020 Re-
search and Innovation Program” and “H2020 Societal Chal-
lenges Programme” collectively accounting for a substantial
portion of the records, totaling 90. This underscores the
EU’s commitment to fostering innovation and addressing
societal challenges, including those related to blue growth,
across member states. Other notable funding agencies in-
clude national research council’s such as the “National Natu-
ral Science Foundation of China (NSFC)” and the “Research
Council of Norway, reflecting the global interest and invest-
ment in blue growth research and development. Addition-
ally, the “Fundacéo para a Ciéncia e a Tecnologia (FCT)” in
Portugal and “Swedish Research Council Formas” in Swe-
den have provided significant support, with 19 and 9 records
respectively, indicating the commitment of these countries
to advancing blue growth initiatives. Furthermore, regional
entities such as the “Xunta de Galicia” in Spain and the “Va-
pem Project Fisheries and Aquaculture Directorate of the
Basque Government” demonstrate localized efforts to pro-
mote sustainable practices within specific maritime regions.
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Table 6. Web of Science Index of articles of blue growth

Web of Science Index Record
count
Science Citation Index Expanded (SCI-EXPANDED) 266
Social Sciences Citation Index (SSCI) 189
Emerging Sources Citation Index (ESCI) 56

Conference Proceedings Citation Index - Science (CPCI-S) 33

Conference Proceedings Citation Index -

Social Science & Humanities (CPCI-SSH) 11
Book Citation Index - Social Sciences &

Humanities (BKCI-SSH) 4
Book Citation Index - Science (BKCI-S) 3
Arts & Humanities Citation Index (A&HCI) 1

Table 6 shows the distribution of articles on blue growth in
the Web of Science database according to different indices.
These indexes serve as important tools for categorizing and
indexing scientific publications, allowing researchers to ac-
cess and evaluate the impact of research in various fields.

“Science Citation Index Expanded (SCI-EXPANDED)”
emerges as the most prominent index with a remarkable re-
cord number of 266 articles. This index is widely recognized
for covering a wide range of scientific disciplines and is an
important resource for researchers seeking to access high-im-
pact scientific literature on blue growth. The “Social Sciences
Citation Index (SSCI)” follows closely with 189 records.

This index is effective in providing access to scientific lit-
erature in the social sciences, including fields such as eco-
nomics, sociology and environmental studies, which are
integral to understanding the socio-economic dimensions
of blue growth. Additionally, the “Emerging Sources Cita-
tion Index (ESCI)” showcases 56 records and highlights the
growing visibility and recognition of blue growth research
within the academic community. ESCI serves as a platform
for indexing high-quality, peer-reviewed journals that are
in the process of being evaluated for inclusion in other ci-
tation indexes. Additionally, the table includes indices such
as “Conference Proceedings Citation Index - Science (CP-
CI-S)” and “Conference Proceedings Citation Index - So-
cial Sciences and Humanities (CPCI-SSH)”, which indicate
the existence of conference proceedings on blue growth. It
is included in the Web of Science database.

DISCUSSIONS

The bibliometric analysis undertaken in this study provides
useful insights into the current state of blue growth re-
search. The analysis of publication trends, citation patterns,
and keyword relationships provides a thorough insight
into the growing discourse surrounding this crucial field of
study. The popularity of phrases such as blue growth, blue
economy, and sustainable development emphasizes the in-
terdisciplinary nature of the study in this topic, which re-
flects the junction of environmental, economic, and social

factors. Furthermore, an examination of country-specific
contributions reveals a global dispersion of research activ-
ities, with Italy, Spain, England, and Germany appearing
as important participants. This international collaboration
demonstrates the broad interest and joint effort required to
handle the challenges and opportunities afforded by blue
growth. Furthermore, the presence of major phrases such
as maritime/marine spatial planning, 'sustainability, and
'ocean governance' emphasizes the diverse nature of blue
growth research, which includes policy, governance, eco-
logical sustainability, and socioeconomic factors.

Overall, the findings of this bibliometric analysis lay the
groundwork for future research endeavors, assisting schol-
ars, policymakers, and stakeholders in identifying topics for
additional investigation and intervention. By encouraging
collaboration, interdisciplinary methods, and knowledge
exchange, we can effectively negotiate the complexity of
blue growth and strive toward a sustainable and resilient
future for our oceans and coastal communities.

CONCLUSION

In the context of blue growth, bibliometric analysis offers
insightful information on the field's distribution of knowl-
edge, trends, and patterns, which advances our understand-
ing of ocean literacy. Bibliometric analysis presented here
offers a comprehensive overview of the evolving landscape
of blue growth research from 2007 to 2024. The study has
illuminated key trends, thematic concentrations, and inter-
national collaborations within this interdisciplinary field,
underscoring its critical importance at the nexus of envi-
ronmental sustainability, economic development, and social
equity. The analysis of publication types revealed a diverse
array of scholarly contributions, from empirical research
articles to comprehensive reviews and policy-oriented ed-
itorials, reflecting the multifaceted nature of scholarly en-
gagement in blue growth. Notably, environmental science
emerged as a dominant thematic focus, aligning closely
with Sustainable Development Goals (SDGs) such as Life
Below Water and Life on Land, highlighting the field's com-
mitment to addressing global challenges through integrated
approaches. Geographically, the study identified significant
contributions from countries like Italy, Spain, England, and
Germany, indicating robust international collaboration and
knowledge exchange. This global dispersion underscores the
shared responsibility and collective efforts required to ad-
vance sustainable practices in marine and coastal environ-
ments. Keyword analysis further delineated critical concepts
such as blue economy, sustainable development, and ocean
governance, signifying the thematic breadth and depth of
blue growth research. These keywords serve as pivotal in-
dicators of research priorities and emerging trends, guid-
ing future investigations and policy interventions aimed
at promoting ocean health and resilience. Moreover, insti-
tutional analysis pinpointed leading contributors such as
the University of Exeter and CNR, illustrating their pivotal
roles in shaping discourse and advancing knowledge with-
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in the field. Funding agencies, notably the European Union
through programs like Horizon 2020, played a crucial role in
supporting research initiatives, highlighting the importance
of strategic investment in blue growth research and innova-
tion. The study's findings underscore the interdisciplinary
nature of blue growth research, emphasizing the intercon-
nectedness of ecological, economic, and social dimensions.
By fostering collaboration and leveraging diverse expertise,
stakeholders can effectively navigate the complexities of blue
growth, paving the way for sustainable development and re-
silient coastal communities.This bibliometric analysis not
only provides valuable insights into current research trends
but also informs strategic decision-making processes aimed
at achieving a more sustainable and equitable future for ma-
rine ecosystems and human societies globally. Continued
interdisciplinary engagement and knowledge exchange will
be essential in addressing emerging challenges and seizing
opportunities in the evolving field of blue growth.
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Water resource management, one of the paradigms for creating sustainable universities, ensures
that universities manage the quantity of water used and maintain the quality. Water resource
management models that begin with campus priority create input for cities at a higher scale. Wa-
ter resource management encompasses a variety of sustainable practices. One of the most appli-
cable is the reuse of rainwater. The study aims to propose site-specific solutions for reusing har-
vested rainwater and contribute to nature and the water cycle. In the study, the Rational Method
was used to calculate the amount of rainwater. Hardscape (roads, parking lots), landscaped areas
(landscaped and wooded areas) and roofing materials within the campus were determined and
the amount of rainwater was calculated for each material. In a year, the total water consumption
was calculated at 54,773,000 liters. The valuable volume of annual rainwater is 296,400,000. It can
be seen that a volume that is approximately 5 times the amount of water required is achieved.

Cite this article as: Misirli N, Sisman EE. Assessing the potential of rainwater harvesting and
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INTRODUCTION

Water, one of the essential natural resources, is indispens-
able for human civilization and life on Earth. Recently, the
increase in human population and environmental degrada-
tion in many countries worldwide, especially in developing
countries, have limited people's access to clean drinking
water. As landscapes are transformed for agriculture, indus-
try and urban development, many water sources are being
altered or eliminated [1]. As a result, users have gradually
become aware of the interrelationships and the extent of en-
vironmental changes and ecological services. The develop-
ment of environmental science and policy also brought new
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developments, and from the 1980s onwards, the concept of
sustainable development emerged.

It is emphasized that sustainable development, which is gener-
ally recognized, must be considered in its entirety with its envi-
ronmental, economic and social dimensions. For environmen-
tal sustainability and sustainable development practices to be
successful, they must also be integrated into education systems.
Universities can serve as models in which sustainable manage-
ment practices and technologies for cities are developed and
tested [2-4]. To achieve environmental sustainability in univer-
sities, studies are being conducted in the areas of environment
and infrastructure, energy and climate change, waste manage-
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ment, water use, transportation, education and research. Due
to the water crises that have occurred and will occur in recent
years, studies on water efficiency, rainwater harvesting, recy-
cling and reuse of wastewater have begun to gain momentum.
Higher education institutions have the potential to promote
sustainable and integrated water management through educa-
tion, research, services and business activities [5].

At this point, the current need to address water management
on campus is highlighted by the United Nations, “2005- 2014:
UN Decade of Education for Sustainable Development” and
“International Decade for Action "Water for Life", 2005-
2015” through the development of programs. Both programs
were created to draw special attention to sustainability and
water issues in higher education, which are seen as necessary
for ensuring environmental sustainability. By linking them to
social and economic considerations, students can adopt new
behaviors to protect the world's natural resources, which are
important for human development and survival. For this rea-
son, it is emphasized that the protection and restoration of
the Earth's ecosystems is an important task [6, 7]. As a result,
the United Nations has declared 2018 to 2028 as the interna-
tional decade of action, “Water Action Decade 2018-2028".
The aim is to implement and promote the sustainable devel-
opment and integrated management of water resources and
to implement and promote relevant programs and projects
to achieve social, economic and environmental goals. The fo-
cus is on promoting cooperation at all levels to achieve inter-
nationally agreed water-related goals and targets, including
those in the 2030 Agenda for Sustainable Development [8].

United Nations by 2030; by halving the amount of untreated
wastewater, improving water efficiency, including rainwater
harvesting, wastewater treatment, recycling and reuse tech-
nologies, integrated water resources management, reducing
pollution, significantly increasing recycling and restoring
safety, it emphasizes improving water quality worldwide.
As a result, the study presents research findings that sup-
port the articles of “Goal 6 Clean Water and Sanitation” and
“Goal 11 Sustainable Cities and Communities” of the UN
Sustainable Development Goals.

Urban transitions that provide benefits for climate mitiga-
tion, adaptation, human health and well-being, ecosystem
services, and reducing the vulnerability of low-income com-
munities are promoted through inclusive long-term planning
that takes an integrated approach to physical, natural, and
social infrastructure. Green/natural and blue infrastructure
(such as rain gardens, dry wells, bioswales, infiltration ba-
sins) support carbon uptake and storage and, either individ-
ually or in combination with grey infrastructure, can reduce
energy consumption and the risk of extreme events such as
heat waves, floods, heavy rains and droughts, while providing
co-benefits for health, well-being and livelihoods [9].

Significance

Water problems around the world are becoming visible
through digital data. It is estimated that 3.5 billion people
could be affected by water scarcity by 2025, while demand
will increase by up to 30% by 2050. Unsustainable manage-

ment and climate change severely threaten the world's water
systems. The problem of climate change is worsening, and its
consequences are leading to increased floods and droughts,
changes in rainfall patterns and rising sea levels [10].

In these conditions where water is becoming increasingly
scarce, securing water supply to avoid water scarcity be-
comes the primary concern of societies. Water scarcity
generally refers to the demand and availability of freshwa-
ter in physical terms. Water security is defined as ensuring
sustainable access to water in sufficient quantity and ac-
ceptable quality to protect against water-related pollution
and water-related disasters and to ensure the continuity
of the world's ecosystems while safeguarding livelihoods,
human well-being and socio-economic development
[11]. In addition to physical water scarcity, water securi-
ty includes access to water services, protection from poor
water quality and flooding, and appropriate water gover-
nance that ensures access to safe water [12]. Implementing
the Sustainable Development Goals and climate-resilient
strategies is crucial for water security. However, when
implementing mitigation measures, care should be taken
to ensure that the water footprint is not so large that it
jeopardizes the Sustainable Development Goals and adap-
tation outcomes [13].

When estimating drinking water consumption for the fu-
ture, it is assumed that Tiirkiye's population will reach 100
million in 2030. It is said that the amount of usable water
per person, which is 1500 m?® today, will be about 1100 m?
/ year in 2030. The annual drinking water demand, which
was 5 billion m? in 2000, is estimated to reach 18 billion m?
in 2030 [14]. The provision and protection of clean water
for all should not only be accepted as a problem of develop-
ing countries but as a global priority, and sustainable water
management practices should be introduced [12].

Rainwater is a resource that should be easy to collect on
university campuses due to the large catchment areas and
large impervious surfaces. If rainwater can be utilized, it will
reduce the cost of stormwater management and alleviate
the pressure of water scarcity through water conservation
[15]. Based on these findings, the study's main objective is
to re-evaluate rainwater, which is one of the most effective
methods of water utilization, with proposed solutions on
site and contributing to nature and the water cycle. Studies
on rainwater harvesting usually only calculate the amount
harvested from roof surfaces [16-19]. This study calculated
the amount of rainwater harvested from hardscape, land-
scape and rooftop areas.

Rainwater Management

In historical management strategies, rainwater was often
treated as a problem to be mitigated, a waste product to
be eliminated or controlled [20]. Factors such as industri-
alization, migration and technological development are
leading to increasing urbanisation. From a hydrological
point of view, there are two important physical changes
resulting from urbanisation. The first is the increasing
proportion of impermeable surfaces such as roofs, roads,
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Figure 1. The study area location (Source(s): Created by authors).

parking lots and sidewalks. The second is the transfor-
mation of natural drainage systems into artificial trans-
portation systems consisting of pipes and channels with
a uniform slope [21].

The loss of vegetation cover and changes in surface prop-
erties such as roughness or permeability mean that pre-
cipitation is quickly converted into rainwater runoff. This
leads to erosion, destroys habitat and deforms the natural
channel [22-25]. In many cases, the volumes of rainwater
after extremely intense, short periods of rain are too large
for the drainage network to drain away. This leads to local-
ised flooding and disruption to transport systems [26, 27].

Rainwater management, a distinction is made between
traditional (convective) and sustainable methods [24, 28].
Traditional methods generally convey runoff from imper-

vious surfaces to streams and rivers by the most direct and
fastest route. Traditional methods refer to drainage systems
consisting of devices such as downspouts, manholes, inlets,
small gutters, street gutters, and curb inlets [29]. Sustain-
able practises follow a progressive hierarchy commonly
known as the 'surface water management sequence, which
consists of a series of measures to store, convey and mini-
mise stormwater runoft and pollution [30].

MATERIALS AND METHODS

The Balkan campus of Trakya University was chosen as
the study area. The campus is located at the coordinates
41°38'19.3"N and 26°36'58.1"E in the central district of the
city of Edirne in Tirkiye (Fig. 1). It covers an area of ap-
proximately 2,260 hectares.
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Figure 2. Material map within the campus (Source(s): Created by authors).

The campus includes buildings such as the rectorate, li- campus is home to 24,000 students and 3,000 academic and
brary, faculties, institutes, hospitals and dormitories. The administrative staff. There is also social housing on campus.
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Figure 3. The collecting area in square meters (m?).

Patients and visitors also actively use the medical school
and dental hospital. There is no active water management
program on campus. The municipal water supply is used
within the building. Wells and the municipal water supply
provide the water needed to irrigate the green areas. There
are 15 wells in total, including nine active, three collapsed,
and three construction wells.

The Rational Method was used to calculate the amount of
rainwater on campus using equation (1) [31]. This meth-
od was developed in 1851 by Irish engineer Thomas Mul-
vaney and was widely used in the United States by Emil
Kuichling. It was developed to predict peak rainfall run-
off rates in impermeable urban areas. This method is still
used today to calculate surface water runoff [20]. The Ra-
tional Method gives good results up to 1-1.5 km? and can
be used in catchment areas up to 5 km? [32, 33]. Since the
study area is approximately 2.3 km?, the Rational Method
was chosen.

V = Sum (R*A*RC/1000) (1)
V: The rainwater yield in m’ per year

R: The quantity of precipitation in liters per square milli-
metre (mm)

A: The collecting area in square meters (m?)
RC: The efficiency coefficient in %

One thousand stands for the conversion factor from mm to
m. Regularly maintained filter systems usually achieve a hy-
draulic efficiency of 0.9. Therefore, the total water volume is
multiplied by the coeflicient of 0.9 [34].

RESULTS AND DISCUSSION

According to the “Képpen Climate Classification”, Edirne
is classified as a “Csa climate with warm winters, very hot
and dry summers (Mediterranean climate)”. Summer tem-
peratures are above 22°C [35]. According to measurements
taken between 1930-2021, the average annual temperature
in Edirne province is 13.7°C and the average annual rainfall
is 604.4 mm [36].

The materials on the campus were determined by over-
laying on-site observations, measurements and Google
Earth maps. A digital map was created showing the area

Table 1. The efficiency coefficient

Material The yield coefficient References

Tile Worn old: 0,75 [37]
Unworn old: 0,80 [37]
New: 0,90 (37]

Metal Wavy old: 0,70 [37, 38]

Unwavy old: 0,75 [37, 38]

Wavy new: 0,85 [37, 38]

Unwavy new: 0,90 [37, 38]
Shingle Worn old: 0,70 [39]
Unworn old: 0,75 [39]
New: 0,80 [39]
Glass 0,90 [39]
Concrete 0,60-0,80 [37]
Asphalt 0,80 [34]
Landscape 0,05-0,10 [40]
Intensive woodland 0,10 [40]
Cultivated area Plane: Sandy-loamy: 0,30 [32]
Clayey-silty-loamy: 0,50 [32]
Clayey: 0,60 [32]
Undulating: Sandy-loamy: 0,50 [32]
Clayey-silty-loamy: 0,60 [32]
Clayey: 0,70 [32]
Sloping: Sandy-loamy: 0,52 [32]
Clayey-silty-loamy: 0,72 [32]
Clayey: 0,82 [32]

covered by each material: tile, metal, shingle, glass, con-
crete, asphalt, landscape, intensive woodland, and culti-
vated area (soil) (Fig. 2).

The collection areas within the campus, which are square
meters in material type, are shown in Figure 3. The respec-
tive area was calculated using the material map.

All of the yield coefficients are shown in Table 1. The
accepted yield coeflicients are tile (0.8), metal (0.75),
shingle (0.75), glass (0.9), concrete (0.7), asphalt (0.8),
landscape (0.05), intensive woodland (0.1) and cultivated
area (soil) (0.72).

Using Equation 1, the total amount of rainwater harvested
on the Balkan Campus of Trakya University was calculated
as 494,000 m*/year (Table 2).

The useful volume of all rainwater is based on the following
equation (2) [34];

Vn = Minimum of (BWa or ER) x 0.06 (2)
With the following meanings here:

Vn Useful volume

BWa Annual process water requirements

ER Rainwater yield in liters per year (1/a)
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Table 2. Calculation for Determining the Rainwater Yield, Reuse, and Useful Volume of
Rainwater Reservoirs (The authors edited it from [34])

Rainwater yield

Annual quantity of precipitation

Precipitation Hydrl. Filter
Collection Area A [m?] Yield Coefficient e Actt [m?] Quantity h }%]ﬁ' >
iciency
[mm/m?]
Tile 25.286 X 0,8 = 20.228
Metal 80.009 X 0,75 = 60.000
Shingle 23.061 X 0,75 = 17.295
Glass 528 X 0,9 = 475
Concrete 199.100 X 0,7 = 139.300
Asphalt 70.164 X 0,8 = 56.131 604.4 e.g. 09
Landscape 884.328 X 0,05 = 44.216
Intensive 196.526 X 0.1 _ 19.652
woodland
Cultivated | 271 000 | x 0,72 - | 555120
area
> 912.491 x | 604.4 X 0.9
Annual rainwater yield in 1 = 494.000
Process water
requirements
Process water Period of time Process water
Drainage object . recsiulrements . in days per requirements in
in m® per day and persons year m3 per year
pers.
Toilet 0,009 Year
3 0,009 x| 27000 | x| 1 =) [ 243
Garden watering Garden size in m?
> | 884.328 =(2) 54.530
Process water requirements Y- (1) + (2)
inm? per year = 54.773
Process water requirements Y. (1) +(2)
in It per year = 54.773.000
Useful volume of the rainwater reservoir
6 % of the annual process
water requirements or
annual rainwater yield
Useful volume in liters 494.000.000 [I/a] x 0,06 =
= 296.400.000

As a result of this study, the rainwater harvested on the
Balkan campus of Trakya University will be reused for ir-
rigation in reservoirs and green areas. The average volume
of the reservoir is calculated at 9 liters. It is estimated that
an average of 243,000 liters of water is needed per year.
The amount of water required to irrigate the green areas
is considered the total water requirement of the plants
on campus. The amount of water required to irrigate the
plants annually is 54,530,000 liters. Total water expense
was calculated as 54,773,000 liters.

According to equation (2), 296,400,000 liters were calcu-
lated as the valuable volume of the annual harvested rain-
water volume. It can be seen that a volume that is approx-
imately 5 times the amount of water required is achieved.
Proper storage areas are required to reuse the rainwater
collected across the campus effectively. A hydrological
map was created to determine the location of the storage
tanks. It was created by determining the flow directions
of the rainwater by the area curves after determining the
5 m curves and the hydrological networks in the area us-
ing the ArcMAP program. Due to the size of the area and
the different water flow directions, the campus was divid-
ed into zones. The water flow directions, the main roads
and the buildings on the campus were used to determine

these regions. Suggestions were made for the location of
the tank in each region (Fig. 4).

After storing rainwater in tanks, various sustainable
solutions can be offered in place of residual rainwater or
storage. One of these is the rain garden. In this context,
a suggestion for a rain garden on campus was developed
(Fig. 5). It is located on Prof. Dr. Cahit Arf Boulevard.
On the boulevard there is a road for vehicles, a cycle
path, a pedestrian path, a green area and a passageway
for pedestrians with wheelchairs. The existing road and
cycle path have been retained. A green area is planned
adjacent to the cycle path. The green area here is specif-
ically designed as a rain garden. The plants used in the
proposed rain garden areas are compatible with natural
vegetation. Plants that have a high tolerance to factors
such as frost, temperature and drought and that do not
require chemicals were preferred. In addition, plants
with specific water requirements were selected for the
three levels of water demand - high, medium and low
- in the rain gardens. Next, the pedestrian path was de-
signed and seating was installed. To provide continu-
ity between the walkway and the street, wrought iron
grates were placed on the rain gardens to create a tran-
sition [37-40].
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Figure 4. Suggestion tank areas (Source(s): Created by authors).

CONCLUSION

Since most of the water consumed in cities cannot be safe-
ly returned to nature, underground and surface water re-
sources are diminishing. The benefits of the water reuse
strategy include cost savings, protection of groundwater
resources, reduction of natural water abstraction and long-
term water supply [41-44]. Due to its species-specific prop-
erties, reclaimed water can be used to irrigate urban and

residential landscapes, for industrial purposes, for the water
needs of air conditioning systems and as a backup source
for fire protection [45]. Rainwater makes up a significant
portion of the water used to meet irrigation needs, reducing
the amount of rainwater that cannot be controlled on-site
[46, 47]. Irrigation of urban landscapes with recycled wa-
ter has become one of the practices that can significantly
contribute to the sustainability of existing urban water re-
sources and urban green spaces [48, 49]. Depending on the
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Figure 5. Suggestion for a rain garden (Source(s): Created by authors).

morphological and physiological structure of the plant, the
amount of water it consumes and the amount of irrigation
water that needs to be supplied to the plant will vary. Since
the amount of water consumed by each plant is different,
the water consumption of plants must be determined [50].

To create a healthy landscape with recycled water, several
factors must be considered, including local climatic condi-
tions, plant and soil characteristics, water quality depend-
ing on the sensitivity of plant species, and soil texture and
drainage [51].
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For water to be used for irrigation, policymakers need to
make and implement decisions on water harvesting. In the
“Regulation Amending the Planned Areas Zoning Regula-
tion” published by T.C. Ministry of Environment, Urbaniza-
tion and Climate Change in the Official Gazette No. 31538 in
2021, Article 5, Paragraph a states: “The mechanical installa-
tion projects of buildings to be built on plots larger than 2000
m” must include a rainwater collection system to collect rain-
water to be collected from the roof surface, if necessary fil-
tered and collected in a tank and used to flush the building's
toilets. ... The part of the collected rainwater that exceeds the
needs of the building's toilets can be used in the garden or
other common areas by indicating it in the installation proj-
ect..” The implementation of these practices through the cre-
ation of legal infrastructures increases the contribution to the
water cycle. It should be ensured that the practices started on
a small scale are made widespread in public areas or in areas
that can serve as an example to society, such as universities.

In this study, the Balkan campus of Trakya University was
chosen as the study area because it is the size of the city
and university campuses are a prototype of cities. The study
evaluated the potential amount of rainwater that could be
harvested on the campus. Three different results were ob-
tained from the study. The amount of rainwater that could
be captured by different materials on campus and the
amount of this water that would meet the needs of the res-
ervoir and irrigation of plants were determined. It turns out
that the amount obtained is about five times the amount of
water needed. It is also possible to create solutions such as
rain gardens that are sustainable and functional while im-
proving visual quality.

This study aims to show that it is possible to harvest water
from roofs, but also from other hardscapes and green areas.
Most studies in the literature, such as the examples of Karad-
eniz Technical, Ege, Sinop, Bursa Uludag Universities, focus
only on roof areas. [16-19]. This has the disadvantage that
the water potential to be collected is reduced in these studies.
In the application phase, the collection of roof surfaces can
be started as this is the easiest surface to harvest. For areas
such as roads or parking lots, a system should be set up by
creating drainage channels. You should bear in mind that the
costs will increase in the first phase. It should also be consid-
ered that there are applications throughout the campus, such
as Istanbul Technical University Ayazaga campus [52]. Stud-
ies were conducted on the campus where permeable surfaces
were created, water was harvested and channeled.

If these applications are realised, we can foresee that TL
1,230,000 will be paid for 54,773 m® of water consumption
at a price of TL 22.5' per unit/m> The profit to be realised
will represent a significant share for the public institutions.
As aresult of these measures, the reuse of rainwater reduces
the reliance on groundwater resources and municipal water
supplies. In addition, rainwater that enters rivers without
being considered surface water or that causes flooding in
cities is eliminated on site and effective water use is ensured.
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INTRODUCTION

ABSTRACT

Temperature has an essential function and becomes an important parameter in a coagulation
process as it influences metal ion hydrolysis reaction rate. In order to get further explanation,
a research using ferric chloride as a coagulant has been performed. The research aims to find
out more about the effect of temperature on coagulation performance using turbidity, floc size,
ferric, and water content parameter. The temperature 5[1-45[] with an interval of 5°C has
been investigated to simulate field (i.e. outside) measurements in winter, spring and autumn,
and summer, respectively. The result shows coagulation performance isaffected by tempera-
ture elevation. Turbidity gets lower for temperature between 501-4001 and gets higher for
temperature 450]. Floc size becomes larger for temperature 5[1-400] and becomes smaller
as temperature increase.At temperature between 5[] and 1507, the higher the temperature,
the lower the ferric residue produced in coagulation water. For floc water contents, there is no
virtually link between temperature and floc water contents. Temperature correlated well with
turbidity value (-0.876) and floc size (0.985) but not correlated with ferric residue (0.366) and
floc water content (0.179).

Cite this article as: Fitria D, Komala PS, Darmayanti L. Impact of temperature on ferric chlo-
ride performance in water coagulation. Environ Res Tec 2025;8(1)134-138.

Ferric is one of common used metal coagulant amongst
many synthetic coagulants [13] and has good coagulant

Coagulation is one of physicochemical processes that pro-
duce contaminants or particles agglomeration [1-3], where
the agglomeration is essential to produce a larger size of
floc. Larger and denser floc is preferred as it will settle more
easily [4] and dewater more readily [5-7] which is effective
to reduce turbidity and floc water contents, floc structure
and its physical characteristics (size and density).

Amongst other parameters in coagulation, temperature is a
key factor as it highly affects the metal ion hydrolysis reac-
tion rate [8-10]. When the temperature increases, it will in-
crease the reaction rate and vice versa [11]. In addition, the
temperature also determines the distribution of coagulant
[8] and the formation of the hydrolysis products, which, in
turn, affects the coagulation and flocculation efficiency [12].

*Corresponding author.
*E-mail address: dewifitria@Ilecturer.unri.ac.id

properties [14]. Experimental research about tempera-
ture effects on the use of Fe coagulants for water and
sludge treatment have been conducted [8, 10, 15-17].
Low water temperature causes poor coagulation due to
inhomogeneous distribution of coagulation species as
an impact of poor reaction rate. Ferric has a better per-
formance than alum does under low temperature con-
ditions [8]. In addition, [17] stated that low water tem-
perature has an important effect on flocculation kinetics
by decreasing the minimum solubility of Fe(OH), in wa-
ter. A higher temperature and pH play a significant role
on an acceleration of the Fe (III) salt hydrolysis rate and
a decrease on soluble polymeric iron species formation
time [15, 16].

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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On contrary, some of the findings indicated that tempera-
ture does not have an impact on coagulation efficiency [18,
19]. Moreover, another finding stated that temperature un-
der 26 did not affect Fe(OH), performance on sludge dewa-
terability as a result of sludge coagulation [10] because as
temperature raises, it will inhibit the formation of iron salts
due to reducing the amount of soluble oxygen.

Previous investigation mostly used low temperature in their
investigation and due to contrary in previous investigation,
further explanation is still needed to explain about the effect of
temperature on ferric performance. This research investigates
more the impact of temperature on ferric coagulant perfor-
mance on important coagulation parameters such as turbidity
removal, floc size, residual ferric and floc water content. This
research study the effect of temperature on ferric performance
simultaneously with wider range temperature. Temperature
ranges from 5°C to 45°C has been used in this investigation.
Temperatures of 5°C and 45°C used to simulate field (i.e. out-
side) measurements in winter, spring and autumn, and sum-
mer, respectively. The highest temperature may also reflect
operating temperatures in laboratories located in warmer
countries. All target temperatures were obtained by adjusting
the temperature in the laboratory. By providing further infor-
mation about the effect of temperature on ferric performance,
it is hoped that the use of ferric can be more effective accord-
ing to temperature setting in the coagulation process.

MATERIALS AND METHODS

Materials

Water sample was taken from The Intake of Water Treatment
Plant in Siteba, Padang-West Sumatra, Indonesia. All samples
were stored in plastic carboys and were kept in a refrigerator
at 5°C before use. For Ferric chloride coagulant stock solution,
it was prepared by adding 10 g ferric chloride powder into 1
L distilled water and stirred well to produce ferric solution.

Temperature Preparation

Wide temperature ranges from 5°C to 45°C has been used
to simulate field (i.e. outside) measurements in winter,
spring and autumn, and summer, respectively. All target
temperatures were obtained by adjusting the temperature
in the laboratory. Water temperature was set between 5°C
and 45°C and was applied with an interval of 5°C using con-
trol temperature equipment to set temperature.

Coagulation Procedure

A 500 ml water sample was poured into a glass beaker
followed by adding the coagulant Ferric Chloride (Sigma
Aldrich Company Ltd., England, UK). Optimum coagu-
lant dose was used. In order to reach a pH value of approx-
imately 6.5, adjustment was with sulphuric acid (H25SO4)
or sodium hydroxide (NaOH). The fluid was then mixed
rapidly using a conventional jartest (Jartest JLTG VGLP,
Velp Scientifica, Italy) at a variable high rate of 100 rpm for
60 seconds and then at a moderate rate of 40 rpm for 30
minutes to accommodate the agglomeration process. Floc
or sediment was allowed to settle for 15 minutes.

Turbidity (NTU)

ORr NWRAULIONOOO
1
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Figure 1. Correlation between temperature and turbidity us-
ing coagulant ferric chloride.
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Figure 2. Correlation between temperature and floc size using
coagulant ferric chloride.

Analytic Methods

Decanting process method was used to separate the super-
natant and floc. This supernatant was used to measure water
turbidity using Spectrophotometer UV Vis (Shimadzu, Ja-
pan) and ferric residue using Atomic Absorbance Spectro-
photometer (Rayleigh WFX - 310/320, China). The settled
floc in the bottom of a glass beaker was used to measure floc
size using Shimadzu Optical Microscope and water flocco-
ntent using DTG (Shimadzu DTG-60, Japan).

RESULTS AND DISCUSSIONS

The Impact of Temperature on Turbidity

This research assessed the influence of different tempera-
tures on coagulation performance by using ferric chloride
as a coagulant. In the first stage, the effect of different tem-
peratures on turbidity has been assessed. The impact of
temperature between 5°C to 45°C with 5°C interval were
compared each others. The result is presented in Figure 1.

Figure 1 shows the response of turbidity value to variations of
temperature. The figure shows the turbidity value is getting low-
er as temperature increases at a temperature between 5°C and
40°C and is getting higher as temperature increases to 45°C.
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Figure 3. Correlation between temperature and ferric residue
in water.

At a temperature between 5°C to 40°C, the result shows
the higher temperature, the higher ferric ability to remove
turbidity in water. Turbidity value at a temperature of 45°C
gets higher than that at a temperature of 40°C which indi-
cates a temperature of 40°C as the optimum temperature on
turbidity removal using coagulant ferric chloride. Turbid-
ity value in the water gets higher after the optimum tem-
perature has exceeded. The addition of coagulant must be
in accordance with the needs in forming flocs, because the
concentration of coagulant greatly affects the collision of
particles [1]. Flocs will be difficult to form if the addition of
coagulant concentration is lacking, likewise the addition of
too much coagulant can cause turbidity to occur again and
the flocs are not formed properly

Figure 1 indicates that temperature plays an important role
in turbidity removal. This result is similar to [8] results
where temperature highly affected coagulation efficiency;
different temperature delivers different impact. [15, 16] and
[20] stated that increasing temperature can accelerate the
Fe (III) salt hydrolysis rate and decrease soluble polymeric
iron species formation time. Enough Fe (III) salt in solution
will produce enough contact between salt and colloid then
adsorb the colloid particles onto its surface and destabilize
the otherwise stable colloid charge [21, 22] so that the tur-
bidity will be removed efficiently.

Impact of Temperature on Floc Size

Coagulation efliciency and turbidity removal are correlated
with floc size. Floc size investigation also has been exam-
ined to investigate the temperature’s effect on floc forma-
tion. Using ferric chloride as a coagulant, a temperature
between 5°C and 45°C was set to analyze the correlation
between temperature and floc size (Fig. 2).

At a temperature between 5°C and 40°C, as the temperature
increases, floc size gets larger but when temperature rises to
4501, floc size getting smaller. For temperature lower than
4007, the higher temperature, the larger floc size produced
by ferric chloride in coagulation process. It is likely that the
temperature’s increase from 501 to 40[] supports the ag-
glomeration of colloid to perform larger ferric chloride floc

Figure 4. Correlation between temperature and floc water con-
tent using coagulant ferric chloride.

size. This result related to [18] investigation, it is due to at
the lower temperature, the floc will less compact compare to
floc produced by higher temperature. Furthermore, coagu-
lation mechanisms strongly influence floc size [12, 23]. As
one of the factors that determines coagulation mechanisms,
[8, 12] stated that temperature influences the distribution of
the coagulant, hydrodynamic process and the formation of
the hydrolysis products, which affect both coagulation and
flocculation efficiency to form floc.

Impact of Temperature on Ferric Residue in Water
Coagulant residue in the water after process determines the
coagulation performance [1]. To investigate furthermore
the impact of temperature on ferric performance as a co-
agulant, this research has examined the investigation to ob-
serve the effect of temperature variations on ferric residue
in water after coagulation process (Fig. 3).

Figure 3 shows that at a temperature between 5°C and 15
°C, the higher the temperature, the lower the ferric residue
produced in coagulation water. On contrary, at a tempera-
ture between 15°C and 45°C, the higher the temperature,
the higher the residual ferric produced in coagulation wa-
ter. For temperatures under 15°C, the mechanisms can be
explained by the result of [15] and [16] which stated that in-
creasing the temperature and pH can accelerate the Fe (III)
salt hydrolysis rate and decreases soluble polymeric iron
species formation time. In contrary, for temperature above
15°C, the increasing temperature increase ferric oxidation
rate and cause higher ferric concentration in water [24].

Impact of Temperature on Floc Water Content

Floc water content has a correlation with coagulation per-
formance, the lower water content in floc will have the
better coagulation process [25] confirmed sufficient coag-
ulation condition is needed to enable a floc formation to
separate and dehydrate easily. The observation of floc water
content and its correlation with temperature has been per-
formed using DTG apparatus and temperature between 5°C
and 45°C. Figure 4 shows temperature variations affect on
floc water contents.
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Table 1. Correlation between temperature with turbidity, floc
size, residual ferric and floc water contents

Variables R

Turbidity -0.876
Floc size 0.985
Ferric residue 0.366
Water content 0.179

Figure 4 inform that there is no correlation between tem-
perature and floc water content using ferric chloride coagu-
lant. Floc water contents increases as temperature decreas-
es at temperature between 5°C and 20°C. As temperature
increases to 25°C, the floc water content is getting lower.
Temperature of 25°C is the best in this investigation as it
produces the lowest floc water contents. Floc water contents
get higher when temperature increases between 30°C and
35°C, then get lower at temperature between 40°C and 45°C.

Floc water contents is depended on the ability of floc to re-
lease the water (water dewaterability). The easier the floc to
release the water, the lower the amount of water in floc and
vice versa. The harder the floc to release the water, will be
the higher the water contents in floc. As one of the import-
ant factor in coagulation process, the effect of temperature
on sludge dewaterability have been investigated inconsis-
tent on sludge dewaterability [10]. Floc physichochemical
properties such as desorptivity, particle size composition
and chemical constituent which is associated with floccu-
lation efficiency, moderated the effect of temperature [25].

Correlation between Temperature with Turbidity, Floc
Size, Residual Ferric and Floc Water Contents

Table 1 shows the correlation (r) between temperatures
with coagulation variables in this study. The result shows
that temperature has the strongest correlation with floc
size (0.985), followed by turbidity (-0.876), ferric residue
(0.366) and floc water contents (0.179).

From the correlation values of each variable, it is known
that floc size is related to turbidity removal, where floc size
determines the removal of water turbidity. The bigger of the
floc size, the higher of turbidity removal. This is similar to
the statement of [4] where the larger floc size reduces the
turbidity better, because of its ability to settle easier, than
the smaller floc size does.

Residual ferric does not correlated well with increasing
temperature. This is due to temperature raise will reduced
the amount of soluble oxygen and inhibits formation of
iron salt [26]. As well as residual ferric, floc water contents
does not correlated either with variation of temperature.
This result confirms a statement from previous investi-
gation where temperature does not have any impact on
sludge dewaterability of coagulation floc using coagulant
ferric [10] because temperature raises will eliminate the
ability of coagulant ferric on sludge and floc formation
due to the limit in formation of iron salt in responding
temperature increases.

CONCLUSION

Temperature is one of the most important elements in coag-
ulation process. To investigate the effect of temperature on
Ferric Chloride performance, four parameters used in the
investigation; turbidity value, floc size, residual ferric and
floc water contents. Different temperatures result in different
values on the four parameters. Turbidity value and floc size
correlate well with temperature but not ferric residue and
floc water contents. Among those four parameters, floc size
has the strongest correlation with temperature which means
the temperature variations influence the floc size more than
turbidity value, residual ferric and floc water contents.
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INTRODUCTION

ABSTRACT

Global climate crisis necessitates all countries to swiftly and agilely conduct their economic ac-
tivities in accordance with green sensitivity and sustainability principles. The aviation sector,
one of the industries most affected by socio-economic and socio-cultural changes worldwide,
cannot avoid this trend. Consequently, significant studies exist in the literature on the effects
of the global climate crisis and sustainability efforts in the aviation sector. This study aims to
measure the approaches of the world's leading international air cargo companies to the 2030 and
2050 European Green Deal targets. Among the criteria weighted using the SWARA method are
‘carbon dioxide emissions, ‘energy consumption, ‘employment, and ‘water consumption. The
results indicate that the most critical criterion for airline sustainability is reducing CO, emis-
sions, followed by reducing energy consumption. Water consumption reduction ranks third, and
employment ranks last in terms of importance. The study examines air cargo companies ranked
in the top 10 globally by revenue and ranks them using the VIKOR and COPRAS methods.
According to data from 2021, Korean Air, Turkish Airlines, and Cathay Pacific emerge as the top
performers in sustainability among air cargo companies, while Cargolux and UPS lag behind
others in their sustainability efforts when evaluated using VIKOR and COPRAS methods.

Cite this article as: $ahin AE, Durdag C, Baglan FB, Arslan Ding E. Sustainable airline com-
pany selection using SWARA Weighted VIKOR and COPRAS methods. Environ Res Tec
2025;8(1)139-151.

The concept of sustainability fundamentally includes pre-
serving today's conditions and ensuring equal opportuni-

In recent years, sustainability has become a widely discussed
and examined topic both for individuals and businesses.
Sustainability in supply chain management involves man-
aging materials, information, and capital across the chain
and fostering collaboration among businesses within the
chain. It also aims to set goals for and achieve sustainable
development in three dimensions defined by stakeholders
and customer expectations [1].
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ties for all individuals in society to meet their rights and
needs, as well as providing equal conditions for future
generations [2]. According to the definition by the World
Commission on Environment and Development, sustain-
ability means meeting the needs of current generations
without compromising the ability of future generations to
meet their own needs [3]. Sustainability comprises three
components: society, environment, and economy [4]. For
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social sustainability, governments need to implement equi-
table policies in education, health, security, transportation,
etc. Issues such as air quality, waste management, noise,
biodiversity conservation, and water resource conservation
are examined to ensure environmental sustainability. Eco-
nomic sustainability, on the other hand, requires studies
supporting issues such as employment, economic growth,
productivity, and efficiency. Enhancing environmental sus-
tainability and raising awareness among all stakeholders are
crucial for businesses operating in logistics, particularly in
minimizing environmental damage in transportation. To
achieve sustainability in aviation transportation, measures
such as using Sustainable Aviation Fuels (SAF) derived from
renewable or recyclable waste as alternatives to fossil fuels
are taken to reduce carbon emissions, energy consumption,
and water use. Without the participation of airports in the
process, achieving sustainability in aviation is not possible,
hence airports are recognized as 'green airports' aiming to
reduce environmental pollution arising from their opera-
tions by fulfilling international criteria. Aviation transpor-
tation is particularly susceptible to both local and global
fluctuations, leading airlines to adjust flight frequencies and
schedules accordingly. Consequently, shifts in airlines' em-
ployment policies often culminate in workforce reductions.

Every decision leading to employment shortages globally
creates serious problems. Problems arising in a strategic field
such as aviation can pose greater risks for countries. Due to
the significant impact of external environmental factors on
aviation transportation levels, sustainability efforts have be-
come mandatory for airline companies. This phenomenon
can create negative impacts not only on job loss issues but also
on many stakeholders in the aviation transportation sector.
Sustainability efforts not only evaluate whether airline com-
panies can survive from a management perspective but also
assess them from perspectives of environmental protection,
combating climate change, and green management.

In this study, the increasingly important concept of sustain-
ability has been evaluated from the perspective of the strate-
gic sector of aviation transportation. Prominent global airline
cargo companies have been ranked in terms of sustainabili-
ty using SWARA-weighted VIKOR and COPRAS analyses.
Through these analyses, the top 10 airline cargo transportation
companies worldwide have been subjected to performance
evaluation within the context of the European Green Deal
objectives. Thus, the sustainability levels of globally renowned
airline companies and areas requiring sustainability improve-
ments have been identified. In this context, the necessary cri-
teria for sustainable and green airlines have been determined
through a literature review. These criteria include carbon di-
oxide emissions, water consumption, employment, and ener-
gy consumption. The importance levels of these criteria were
determined based on the opinions of 4 experts. Following the
determination of criterion weights (importance levels), 10 air-
line companies were evaluated using VIKOR and COPRAS
methods. The results can provide information to the sector
and policymakers about the status of aviation transportation.
The findings demonstrate how airline companies perform in

critical areas such as carbon emissions, water consumption,
employment policies, and energy use. This assessment serves
as an important starting point for identifying improvement ar-
eas in the sector and encouraging sustainability efforts.

Furthermore, future studies should conduct more com-
prehensive assessments from a sustainability management
perspective to examine how aviation transportation can
contribute to achieving long-term sustainability goals. Re-
search in this direction can play a critical role in strength-
ening the sustainability strategies of airline companies and
aligning with global environmental targets.

LITERATURE RESEARCH ON SUSTAINABILITY,
GREEN LOGISTICS AND AIRLINE COMPANY
SELECTION

Researchers have been working on green activities and sustain-
ability for many years. Table 1 presents the literature review
conducted between 2015-2024 and current studies on sustain-
ability, green logistics, and airline company selection. Among
these studies, especially the studies in which analyses were
made using multi-criteria decision methods were discussed.

When examining Table 1, numerous studies focusing on
green logistics, sustainability in transportation, and sus-
tainable firm selection using multi-criteria decision-mak-
ing methods are observed in the literature. Additionally,
studies evaluating global airline companies from a sustain-
ability perspective are also documented. However, no study
applying the SWARA-VIKOR-COPRAS model has been
encountered. This highlights the contribution of the cur-
rent study in filling this gap in the literature. The insights
generated by this model's results can offer notable predic-
tions when compared with findings from different models.

MATERIALS AND METHODS

In this study on Sustainable Airline Selection, the top 10
global air cargo companies were selected as the sample,
aiming to identify the sustainable companies among them.
The WATS+ 2021 report was used as a source for selecting
the companies in question. Initially, a literature review was
conducted to determine the criteria for a sustainable airline
company. Araci and Yiiksel [20] calculated the sustainable
added value in their study, aiming to consider all the social
and environmental resources that a business uses and af-
fects. Due to the scarcity of data published by companies
in their sustainability reports, the CO, (greenhouse gas)
emissions, energy use, water use, and the number of em-
ployees of the companies included in the sample were tak-
en as sources, and calculations were made based on these
criteria. In this study, the criteria required for the analysis
are discussed through the sources used by Araci and Yiiksel
[20] in their research. After defining the research problem,
a method search was conducted to solve this problem, and
it was determined that the SWARA-weighted VIKOR and
COPRAS methods, which are multi-criteria decision-mak-
ing methods, were appropriate.
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Table 1. Studies on sustainability, green logistics, airline company selection (2015-2024)

Author Year  Title of the study Subject of study Analysis methods used
Sijin Wu, Marios 2024  Performance evaluation of the The impact of the COVID-19 Dynamic DEA model
Dominikos global airline industry under pandemic on the airline industry
Kremantzi, Umair the impact of the COVID-19 and analysis of the efficiency
Tanveer, Shamaila pandemic: A dynamic network performance of international
Ishaq, Xianghan data envelopment analysis airline companies during this
O’Dea, Hua Jin [5] approach period
Gokhan 2023  Using multi-criteria performance Examining the impact of the MEREC-CoCoSo/
Tanriverdi, Rico measurement models to evaluate COVID-19 crisis on airline Borda
Merkert, Caglar the financial, operational and sustainability performance.
Karamasa, Veysi environmental sustainability of
Asker [6] airlines
Sukran Seker [7] 2024  Evaluation of agile attributes Evaluating agile attributes for SWARA and MABAC
for low-cost carriers to achieve managing the operations of low-
sustainable development using an cost carriers (LCCs) in Tiirkiye
integrated MCDM approach
Thanh-Tuan 2022 A Two-Stage Multi-Criteria Selecting and evaluating a SE-AHP, G-COPRAS
Dang, Ngoc- Supplier Selection Model for potential supplier based on their
Ai-Thy Nguyen, Sustainable Automotive Supply ability to adapt sustainably to the
Van Thanh-Tien Chain under Uncertainty COVID-19 pandemic
Nguyen and
Le-Thanh-Hieu
Dang [8]
Kumari and 2020  Multi-Criteria COPRAS Method Green supplier selection problem. COPRAS
Mishra [9] Based On Parametric Measures
For Intuitionistic Fuzzy Sets:
Application Of Green Supplier
Selection
Kaya and Erginel 2020  Futuristic Airport: A Sustainable Designing sustainable airports Hesitant Fuzzy SWARA
[10] Airport Design By Integrating with environmental sensitivity.
Hesitant Fuzzy SWARA And
Hesitant Fuzzy Sustainable
Quality Function Deployment
Kutlu and 2021  Evaluation Of Logistic Firms Green logistics practices of 17 Comparison matrix
Ergoskun [11] In Tiirkiye On Green Logistics companies
Applications
Semercioglu and 2019  Social Choice Theory Supported Determining the criteria for which AHP
Ozkog [12] By Analytical Hierarchy Process: airline the three aircraft flying
Aircraft Charter Selection Process  in medium and short distances
should work in
Osintsev [13] 2021  Multi-Criteria Decision Making Selection of green logistics Fuzzy AHP,
Methods In Green Logistics methods and technologies SAW, TOPSIS,
PROMETHEE,

COPRAS, ARAS,
WASPAS, MAIRCA,
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Table 1 (cont). Studies on sustainability, green logistics, airline company selection (2015-2024)

Author Year  Title of the study Subject of study Analysis methods used
EDAS, MABAC,
CODAS
Alkhatib and 2021 A Novel Technique For Evaluating ~ Evaluating and ranking 20 green DEMATEL, AHP,
Migdadi [14] And Ranking Green Airlines: airways TOPSIS
Benchmarking-Base Comparison
Kuo et al. [15] 2015  Developing a Green Supplier The evaluation of green suppliers DEMATEL, ANP,
Selection Model by Using the in electronics companies according ~ VIKOR
DANP with VIKOR to seventeen criteria related to
environmental and management
systems under the Electronic
Industry Citizenship Coalition's
(EICC) Code of Conduct.
Alharasees and 2023  Applying AHP for supplier Examining the development of AHP
Kale [16] selection in aviation: a multi- complex air transport systems
criteria decision-making approach  in the aviation industry that
can rapidly adapt to increasing
demand while balancing reliability
and performance, emphasizing
the importance of quality
measurements and assessing air
transport supply-side quality
across four groups of aviation
professionals.
Kilkis and Kilkis 2017  Benchmarking aircraft Comparing the aircraft metabolism  EFA
[17] metabolism based on a of 16 airline companies and
Sustainable Airline Index identify aspects related to
sustainable aviation.
Durak and Yilmaz 2016  Airline Selection Criteria At Air Determining the criteria AHP
(18] Cargo Transportation Industry influencing the selection of
transportation services for air
cargo transportation.
Elhmoud and 2021  Sustainability Assessment in A small-scale literature review on Al NN, DSS
Kutty [19]q Aviation Industry: A Mini- various tools and methods used

Review on the Tools, Models and

Methods of Assessment

for sustainability assessment in the

aviation industry.

Multi-Criteria Decision Making (MCDM) is a scientific
field that provides tools, models, and methodologies to ef-
fectively address decision problems. MCDM supports the
decision-making process by enabling the analyst to com-
pare and evaluate different actions/alternatives based on
specific criteria, allowing the decision-maker to reach an ef-
ficient solution according to their preferences [21]. Among
the multi-criteria decision-making methods, the VIKOR
method defines a compromise ranking list, a compromise
solution, and the decision-making stability intervals based

on the weights provided by experts. It allows ranking and
selection among alternatives in problems with conflicting
criteria. The method ensures maximum group utility and
minimum individual regret values and provides various
ranking indices based on the closeness to the ideal solu-
tion. Therefore, the use of the VIKOR method was deemed
appropriate for this study [22]. The COPRAS method, in-
troduced into the literature by Zavadskas and colleagues in
1994, is a method whose reliability and accuracy have been
acknowledged by many scholars. Today, it is used to solve a
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Ranking of airlines' sustainability performance
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[
Criteria m
. Cargolux
Alternatives _
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Water Energy
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Turkish Airlines

Cathay Pacific China Southern China Airlines Emirates

Figure 1. Model of the study.
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Figure 2. Flowchart depicting the decision-making process.

wide range of problems in various fields of engineering and
management. One of the advantages of the method is the
relatively short calculation stages and duration. To ensure
the reliability of the research results, an additional method
was required after the VIKOR method, and thus the CO-
PRAS method was applied [23].

The criteria and alternative hierarchy discussed in the study
are given in Figure 1.

The detailed flowchart of the research is depicted in
Figure 2.

The methods used in the research, along with their mathe-
matical steps, are explained in the below section.

SWARA Method (Step-Wise Weight Assessment Ratio
Analysis)

Step-Wise Weight Assessment Ratio Analysis is one
of the frequently preferred criteria weighthing meth-
ods in solving MCDM problems. The SWARA method

developed by Kersuliene, Zavadskas and Turksis [24]
is an export-oriented method. Due to the fact that it
requires subjective evaluations, decision-makers can
determine their priorities within the framework of
current conditions and thus play a more active role
compared to other methods [25]. The method steps are
as follows:

Step 1: The experts rank the criteria in order of importance,
with the most important criterion first.

Step 2: Starting from the second criterion, i-1. criterion
and i. criteria are compared and the relative importance
value is calculated for the other criteria except the first cri-
terion. It is found how important i-1. criteria are compared
to i. criteria. When calculating this value, it uses a multiple
of 0.05 and is expressed as s..

Step 3: Using Eq (1), the coefficient of (k) is calculated.

1 i=1
ki = {Si +1 ;>1 1)
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Step 4: Using Eq (2), the corrected weight value (q) is cal-
culated.

q; = {Qi1—1 i=1 )
t k_z i>1
Step 5: Using Eq (3), the criterion weight (w) is obtained.
qi
w; = 3
! Z?=1 qi ( )

Step 6: If more than one decision maker is used in the solu-
tion of the problem, the final criterion weights are reached
by taking the geometric mean of all w, values.

VIKOR Method (Vise Kriterijumska Optimizacija I
Kompromisno Resenje)

VIKOR (Vise Kriterijumska Optimizacija I Kompromisno
Resenje), translated into English as "Multi-Criteria Opti-
mization and Compromise Solution", is a method used to
rank multiple alternatives in multi-criteria decision mak-
ing problems. It helps to determine the solution that can be
closest to the ideal solution point by evaluating the alter-
natives on the basis of each criterion. The VIKOR method,
which was first introduced by Opricovi¢ and Tzeng [26]
is often preferred for selection and ranking in situations
where there are conflicting criteria. The method steps are
as follows:

Step 1: With the help of Eq (4) and Eq (5), the best (f) and
worst (f) values are determined based on criteria. While
determining these values, it is taken into account whether
the criterion is benefit or cost criterion.

* axjfij
fi =" (4)

- — minf ij
fo=" (5)
Step 2: Using Eq (6) and Eq (7), alternative-based Sj and Rj
values are determined. Here w, are predetermined criteria
weights.

i)

s, =yn Wil 6
] i=1 (fi*_fi—) ( )
R; = max [Z?ﬂ% (7)

Step 3: Using Eq (8), Qj values are calculated for each al-
ternative.

Q="+ -G (8)
In this section;

S = mi;lSj ©)
§m =" (10)
R* = mi;mj (11)
R~ = "¥E; (12)

J

calculated using the formulas. ™™/ refers to choosing the
largest group benefit, and "”?Rf refers to choosing the smallest
among the biggest personal regrets. The value v indicates the
importance level for the strategy that provides the maximum

group benefit, while the value (1-v) expresses the importance
level of the minimum regret of the opponents. It is usually used
as v=0.5.

Step 4: The calculated S, R. and Q. values are sorted. The
alternative with the smallest Q. value is defined as the best
alternative among the options. Two conditions must be met
for the result obtained to be valid. These conditions are as
follows;

Condition 1: This is the condition that involves proving
that there is a significant difference between the best and
the closest option. The mathematical representation of the
relevant condition is given in Eq (13).

Q(P)-Q(P)=D(Q) (13)

Here P, is the 1* best alternative with the least Q value.
D(Q) is calculated with the formula in Eq (14);

D(Q) =—

U-1

(14)

If the number of alternatives (j) is less than 4, D(Q)=0.25
is taken.

Condition 2: For the obtained compromise solution to
prove stable, the alternative P, with the best Q value must
have the best score in at least one of the S and R values.

If one of the two specified conditions is not met, the com-
promise solution set is suggested as follows:

If Condition 2 cannot be met, the condition in Eq (14) is
sought by considering alternatives P and P,,

If Condition 1 cannot be met, P, P,, ..., P, alternatives are
going to be considered.

Q(P,)-Q(P)=D(Q) (15)

Within the compromise solution set, sorting is done ac-
cording to the Q values. The best alternative is one with the
minimum Q value.

COPRAS Method (Complex Proportional Assessment)
The performance evaluations of M alternatives according
to n criteria are assumed to be represented by a decision
matrix X=[xij] e Where X, represents the rating of the i-th
alternative on the j-th criterion.

The Eq (16) representing the decision matrix X formed with
performance values x; is expressed as follows [24]:

[xu X1z v X1n

X X; LU
2R i =123, ,mandj = 1,2,3,..,n

(16
Step 1: Normalization and the creation of the normalized
decision matrix: In the COPRAS method, the performance
values x, constituting the X decision matrix obtained
through regularization are transformed into normalized
performance values X, using;

X= [xij]mxn =

Xm1 Xmz " Xma

xi]-

X= —3d
R X

(17)

thus the normalized decision matrix X is represented by;
i Xz v K

X= [fij]mxn = f}z ?ZZ f?n

Xmi Xmz * Xmn

i =1,23,..,mandj = 1,2,3,..,n. (18)
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Table 2. Calculations of criterion (CR) importance values of
decision maker 1

Table 4. Calculations of criterion (CR) importance values of
decision maker 3

CR Importance level s, k, q, w, CR Importance level s, k, q, w,
Cl1 1 1 04 C2 1 1 0.4
C3 2 0.6 1.6 0.6 02 Cl1 2 0.8 1.8 0.5 0.2
C4 3 0.5 1.5 0.4 01 C3 3 0.7 1.7 0,3 0.1
C2 4 0.3 1.3 0.3 01 C4 4 0.9 1.9 0.1 0.08

Table 3. Calculations of criterion (CR) importance values of
decision maker 2

Table 5. Calculations of criterion (CR) importance values of
decision maker 4

CR Importance level s, k, q, w, CR Importance level s, k, q, w,
C4 1 1 1 03 Cl1 1 1 1 0.4
C1 2 0.3 1.3 0.7 03 C4 2 0.9 1.9 0.5 0.2
C3 3 0.5 1.5 0.5 02 C3 3 0.5 1.5 0.3 0.1
Cc2 4 0.9 1.9 0.2 0.1 C2 4 0.1 1.1 0.3 0.14

Step 2: Weighting and the creation of the weighted normal-
ized decision matrix: The normalized performance values
X, constituting the X normalized decision matrix are trans-
formed into weighted normalized performance values %;;
using,

Xij = Xij. wj (19)
As a result, the weighted normalized decision matrix X is
represented by

211 212 211(
R = [Rylmen = xgz b x§" i=123,..,mandj = 1,2,3,..,n. (20)
f‘-’\ml 2mZ imn

Step 3: Calculation of total weighted normalized values
based on benefit and cost criteria: Criterion-based total
weighted normalized values, considering the benefit or cost
nature of the criterion, are calculated using;

Sy=XYf %yl =1,23,..,mandj=123,.,n

(21)
S=Ylin® i =123 . madj=k+1Lk+2,k+3,.,n (22)

where S represents the sum of benefit criteria and S rep-
resents the sum of cost criteria. The weighted normalized
performance values £,;; and £_;; appearing in the equations
respectively indicate performance values with benefit and
cost criteria.

Step 4: Calculation of relative importance values:

The value Q, to indicate the relative importance value of the
i—th alternative will be determined using,

_ S—min-Zieq S—i
e S

—
m —min
S_i'zi=1( S )

i =123.,m (23)

calculated using the parameters S  and S_. The parameter
S_,., in the equation represents the minimum value among
the S_) values.

Step 5: Calculation of performance index values:

The value P, representing the performance index value of
the i—th alternative, is calculated using,

Table 6. Criterion (CR) weights obtained from the SWARA
method

CR DM-1 DM-2 DM-3 DM-4 Final Norm.final Rank

W‘. Wi
Cl1 042 030 027 045 0.35 0.38 1
C2 0.13 0.10 0.48 0.14 0.17 0.19 4
C3 026 020 015 0.15 0.19 0.20 3
C4 0.17 039 0.08 0.23  0.19 0.21 2
Total 0.19 1
P, = Q:fu 100% i = 1,2,3,...,m. (24)

Step 6: Evaluation of alternatives:

After completing all calculation steps, the obtained P, val-
ues are sorted in descending order to obtain the preference
ranking of alternatives.

FINDINGS

In this section, the analysis results have been interpreted
in detail.

Determination of Criteria Weights

2 academicians and 2 private sector employees were in-
cluded in the research for the expert opinions required
for the application. Decision makers were asked to rank
the criteria according to their importance and give their
s, values. As a result of the s, values obtained, ki q, and
w, values were calculated for each decision maker by
using Eqs (1-3). The criteria weights calculated on the
basis of the decision maker are given in Table 2, Table
3, Table 4 and Table 5.

Since there is more than one decision maker, after the cri-
terion weights (w) were determined on the basis of the
decision maker, the final criterion weights were reached
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Table 7. Data on alternatives

Criteria/alternatives Co, emission (tonne) Employment Water consumption (m?) Energy consumption (GJ)
(C1) (C2) (C3) (Cq)

Cargolux [27] 158,191 83 313 2,841

UPS [28] 119,827 1,855 20,000 887,356

Korean Air [29] 58,149 122 3,574 7,966

Turkish Airlines [30] 44,842 75 690 506,289

China Airlines [31] 68,548 127 1,571 1,014,468

Emirates [32] 71,773 140 9,665 994,062

Cathay Pacific [33] 25,520 93 44,958 358,601

China Southern [34] 21,918 112 519,566 299,898

W; 0.39 0.2 0.2 0.21

Table 8. Best and worst values of criteria (CR)

CR c1 c2 C3 c4 9

ﬁ 21,918 1,855 313 2.841 C'J:

f 158,191 75 519,566 1,014,468 | o2

by taking the geometric mean of all w, values. The crite- | w

rion weight values to be used in VIKOR and COPRAS Co2Emission  Employment  Water Energy

were obtained by performing normalization on the final Comumption  Comumption

weights obtained by the SWARA method. Information on
criterion weights is given in Table 6.

According to the results of the SWARA analysis, the most
crucial criterion for airlines to achieve sustainability is re-
ducing CO, emissions, followed by reducing energy con-
sumption in second place and reducing water consumption
in third. Employment ranks as the fourth criterion. These
findings highlight the importance of reducing CO, emis-
sions. (Fig. 3).

Evaluation of Alternatives

The research utilized data sourced from the 2021 sus-
tainability reports of airline companies. Due to incom-
plete data availability at the time, FedEx and Qatar Air-
ways, both ranked in the global top 10, were excluded
from consideration. Company metrics were normalized
based on fleet size to ensure accurate comparative anal-

Table 9. Weighted decision matrix

Figure 3. Ranking criteria by their level of importance.

ysis. For instance, Cargolux, with 30 fleets, was adjusted
relative to Turkish Airlines, which operates 370 fleets.
These normalized values were tabulated to ensure equi-
table assessment across criteria, as detailed in Table 7.

With the help of Eqs (4-5), criteria-based best (f;)
and worst (f,) values were determined and given in
Table 8.

The weighted decision matrix is given in Table 9.

Alternative-based Sj and R values were determined us-
ing Eqs (6-7). Then, using Eq (8), Qj values were cal-
culated for each alternative. In Eq (8) the “v” value is
taken as 0.5. The Sj, Rj and Qj values of the alternatives

are given in Table 10.

Criteria/alternatives Co, emission (tonne) Employment Water consumption (m?) Energy consumption (GJ)
(C1) (Cc2) (C3) (c4)

Cargolux [27] 0.390 0.001 0.000 0.000

UPS [28] 0.280 0.210 0.008 0.175

Korean Air [29] 0.104 0.006 0.001 0.001

Turkish Airlines [30] 0.066 0.000 0.000 0.100

China Airlines [31] 0.133 0.006 0.000 0.200

Emirates [32] 0.143 0.008 0.004 0.196

Cathay Pacific [33] 0.010 0.002 0.017 0.070

China Southern [34] 0.000 0.004 0.200 0.059
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Table 10. Sj and Rj values of alternatives

Alternatives Sj R],

Cargolux [27] 0.391 0.390
UPS [28] 0.671 0.280
Korean Air [29] 0.111 0.104
Turkish Airlines [30] 0.170 0.105
China Airlines [31] 0.350 0.210
Emirates [32] 0.359 0.206
Cathay Pacific [33] 0.103 0.074
China Southern [34] 0.266 0.200
Min 0.103 0.074
Max 0.671 0.390

The Q, values of alternatives are given in Table 11. The value
of DQ = 0.143 was calculated.

By obtaining the Q(a") - Q (a') = DQ values, the values in
Table 12 were found.

Obtained Q, values are ordered from smallest to largest
and the alternative with the smallest value is selected as
the best alternative. Condition 1 and Condition 2 were
examined in order to ensure the validity of the obtained
ranking.

Condition 1: Q(P,)-Q(P,)>D(Q)

Q(P)-Q(P,)=0.05 - 0 = 0.05

D(Q=1\((j-1)) =1/(8 - 1) =0.143

0.05<0.143

Condition 2: The P, alternative with the best Q value
must have achieved the best score in at least one of the S
and R values.

minS:O.l

S =0.1

Cathay Pacific
As a result of the examination, it was seen that while Con-
dition 2 was met, Condition 1 was not. For this reason,
the condition in Eq (13) is discussed. When Table 13 is
examined, it is seen that this condition is met in the 4%
alternative.

Table 11. Q, values of alternatives

Accordingly, Alternative 1, Alternative 2 and Alternative 3
were determined as compromise solutions. The final rank-
ing of the alternatives is given in Table 14.

Using the same data, COPRAS analysis has been conduct-
ed. Data has been normalized using Eq (17). In Table 15,
the first step of the COPRAS method has been applied and
is shown as the normalized decision matrix.

Using the criteria weights obtained through the SWARA
method, calculations were performed with Eq (18) to create
the weighted normalized decision matrix. Table 16 presents
the weighted normalized decision matrix which is the next
step in the COPRAS method.

The results have been obtained using Eqs (21-24), and are
shown in Table 17.

According to COPRAS results, sustainability rankings
among alternatives show significant differences. China
Southern ranks first with a Q, value of 0,350 and a P, val-
ue of 100. Cathay Pacific follows closely in second place
with Q, of 0,176 and P, of 50,134. Korean Air secures the
third position with Q, of 0,141 and P, of 40,182. Turkish
Airlines and Emirates occupy the fourth and fifth positions
respectively, with lower Q, and P, values. UPS, China Air-
lines, and Cargolux rank lower, indicating comparatively
lower sustainability performance based on their Q, and P,
values. These findings provide important insights into how
sustainability efforts vary among different companies in the
air cargo transportation sector and highlight areas for im-
provement.

Table 18 allows for the comparison of the ranking results
given by both methods.

According to the findings of the COPRAS method, Chi-
na Southern Airlines holds the 1* position, whereas in
the VIKOR results, it occupies the 4% position. Cathay
Pacific is ranked 2" by COPRAS, whereas it claims the
top spot according to VIKOR. Korean Air secures the
3" position in COPRAS and also ranks 1* in VIKOR.
Turkish Airlines ranks 4" in COPRAS and 1* in VIKOR.
Following these, China Airlines holds the 5" position in
one method and the 6™ in the other, while Emirates simi-
larly ranks 6" in one and 5" in the other. The rankings of
the remaining companies remain consistent across both
methods (Fig. 4).

Alternatives Q].=0 Q].=0.25 Qj=0.5 Q].=0.75 Qj=1
Cargolux [27] 1.000 0.877 0.753 0.630 0.506
UPS [28] 0.653 0.740 0.826 0.913 1.000
Korean Air [29] 0.094 0.074 0.054 0.034 0.014
Turkish Airlines [30] 0.097 0.102 0.107 0.113 0.118
China Airlines [31] 0.431 0.431 0.432 0.433 0.434
Emirates [32] 0.417 0.426 0.434 0.442 0.451
Cathay Pacific [33] 0.000 0.000 0.000 0.000 0.000
China Southern [34] 0.399 0.371 0.342 0.314 0.286
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Table 12. Ranking of alternatives

Table 15. Normalized decision matrix table

Alternatives Q=0.5 Rankings  Alternatives C1 C2 C3 C4
Cargolux [27] 0.753 7 Cargolux [27] 0.278 0.032 0.001 0.001
UPS [28] 0.826 8 UPS [28] 0.211 0.712 0.033 0.218
Korean Air [29] 0.054 2 Korean Air [29] 0.102 0.047 0.006 0.002
Turkish Airlines [30] 0.107 3 Turkish Airlines [30] 0.079 0.029 0.001 0.124
China Airlines [31] 0.432 5 China Airlines [31] 0.121 0.049 0.003 0.249
Emirates [32] 0.434 6 Emirates [32] 0.126 0.054 0.016 0.244
Cathay Pacific [33] 0.000 1 Cathay Pacific [33] 0.045 0.036 0.075 0.088
China Southern [34] 0.342 4 China Southern [34] 0.039 0.043 0.865 0.074
Table 13. Finding the set of compromise solutions Table 16. Weighted normalized decision matrix
Q(P,) - Q(P) >D(Q) Q(P,)-Q(P) Min Min Max Min
0.05 <DQ P2-P1 0.39 0.20 0.20 0.21
01 <bQ P3-P1 Alternatives C1 C2 C3 C4
0.35 >DQ P4-P1
043 >DQ P5-p1 Cargolux [27] 0,108 0,006 0,000 0,000
0.44 >DQ P6-P1 UPS [28] 0,082 0,142 0,007 0,046
075 ~DQ P7-P1 Korean Air [29] 0040 0009 0001 0,000
0.82 >DQ P8-P1 Turkish Airlines [30] 0,031 0,006 0,000 0,026
China Airlines [31] 0,047 0,010 0,001 0,052
Table 14. Final ranking of alternatives Emirates [32] 0,049 0,011 0,003 0,051
Alternatives Ranking Cathay Pacific [33] 0,017 0,007 0,015 0,018
Cargolux [27] ) China Southern [34] 0,015 0,009 0,173 0,015
UPS [28] 1
Korean Air [29] 1 Table 17. Relative importance and index values
Turkish Airlines [30] 4 Alternatives S, S, Q, P,  Ranking
China Airlines [31] 5 Cargolux [27] 0,000 0,115 0,060 17,231 7
Emirates [32] 6 UPS [28] 0,007 0270 0,032 9,221 8
Cathay Pacific [33] 7 Korean Air [29] 0,001 0,050 0141 40182 3
China Southern [34] 8 Turkish Airlines [30] 0,000 0,063 0,111 31,653 4
China Airlines [31] 0,001 0,109 0,064 18,283 6
9 Emirates [32] 0,003 0,111 0,066 18,701 5
A Cathay Pacific [33] 0,015 0,043 0,176 50,134 2
China Southern [34] 0,173 0,039 0,350 100,000 1
Table 18. Comparison of rankings for both methods
! Alternatives VIKOR COPRAS
1 Cargolux [27] 7 7
- . UPS [28] 8 8
e Cargolix 7 7 Korean Air [29] 1 3
_tf,sm = j j Turkish Airlines [30] 1 4
—T:":L ’, \‘:,Tk.:.,m : ; China Airlines [31] 5 6
— s 6 s Emirates [32] 6 5
:»l: ‘an', 1 1 Cathay Pacific [33] 1 2
China Southern [34] 4 1

Figure 4. Comparing the results of two methods.
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CONCLUSION

All commercial activities carried out on a global scale primar-
ily shape themselves through short-term effects. Although its
effects are on the way of fading, the COVID-19 pandemic
and the Russia-Ukraine War, are the most recent examples.
On the other hand, the fact that all companies that will strug-
gle to survive in global competition will be preferred for the
medium and long term will be largely decisive if they have
maximized their sustainability with green activities.

In light of this reality, the study aimed to choose a sustain-
able company among the top 10 airline cargo companies
according to the CTK (Cargo Ton-Km) published in the
WATS+ (World Air Transport Statistics) report [35]. The
data used in the analysis of the research were obtained from
the companies' 2021 sustainability reports. Since all of the
2022 sustainability reports have not been published yet, it
has been decided to use the data for 2021. For this reason,
two companies that did not have a sustainability report
were excluded from the study. Based on the SWARA anal-
ysis findings, the top priority for airlines in achieving sus-
tainability is the reduction of CO, emissions, followed by
decreasing energy consumption in second place and mini-
mizing water consumption in third. Employment is ranked
fourth among the criteria. These results underscore the
critical importance of CO, emission reduction efforts for
airlines. The findings of the VIKOR method indicate a com-
promise cluster for selecting the most sustainable company
among 8 alternatives (airline companies). In this cluster, 3
airline companies—Cathay Pacific, Korean Airlines, and
Turkish Airlines—were identified as a compromise solu-
tion. According to the results of the COPRAS method, Chi-
na Southern, Cathay Pacific, and Korean Air were found to
be at the forefront. In both results, UPS company ranked
the lowest. These findings aimed to provide information
about the sustainability efforts of companies in 2021 if the
top 10 airline companies in the world ranking prepared by
IATA were to be re-ranked in terms of sustainability.

The Turkish aviation sector also does not show a different
structure from the general aviation trends in the world. The
negative developments experienced in our country, mainly
due to the economic and then the epidemic, have adversely af-
fected the air transport sector. In this process, it was observed
that some airline companies ended their activities, while some
airline companies had to go to operational restrictions. The
actors that make up the Turkish aviation sector, as well as the
aviation actors of other countries, have gained more attention
in terms of sustainability criteria, especially in their interna-
tional activities. The ranking of Turkish Airlines in our re-
search also clearly reveals that this issue should be addressed.

The results of this study will demonstrate the sustainability
efforts of global airlines based on 2021 data. Future research
could be updated to enable time series analysis, allowing for a
more comprehensive understanding of sustainability trends
over the years. By comparing future studies with the 2021
data, it will be possible to assess the progress or regression
of the companies in terms of their sustainability initiatives.

LIMITATIONS AND FURTHER RESEARCH

The study has several limitations. One of the limitations of
this research is the difficulty in accessing data. The availability
of sufficient data on sustainability index criteria such as noise
pollution, waste management, social responsibility projects,
natural resource use, employee rights and occupational safe-
ty, diversity and inclusion, education, and development de-
pends on their inclusion in sustainability reports. Increasing
the number of these criteria could broaden the scope of the
research. In future studies, it may be suggested to create a
multi-criteria decision-making model using fuzzy logic. For
instance, criteria with data that are not precisely measurable
or that rely on subjective assessments, such as noise pollution,
social responsibility projects, or diversity and inclusion, can
be more effectively analyzed using fuzzy logic. This approach
can enable decision-making processes to be conducted more
comprehensively and accurately, allowing for more precise
ranking and evaluation of sustainability performances.

The SWARA method was used for weighting criteria in the
study. SWARA method, being a subjective approach, relies
on the personal experience and knowledge of experts. In fu-
ture studies, it can be combined with an objective weighting
method to recalculate with new weights. Data beyond what is
disclosed in sustainability reports could not be accessed. With
obtaining more data, the study can be expanded by consid-
ering different criteria. The criteria were weighted using the
SWARA method, and a model was subsequently constructed
using the VIKOR method to rank the companies accordingly.
However, to ensure reliability, an additional method, the CO-
PRAS method, was employed. This step was taken to facilitate
sensitivity analysis and establish a more robust foundation for
decision-making. Through sensitivity analysis, the aim was to
compare the outcomes derived from different methodologies,
thereby providing decision-makers with more precise insights.

In future scientific studies, it would be appropriate to evalu-
ate the Turkish aviation industry on a firm basis within the
framework of sustainability. Thus, the current situation of our
country's aviation industry in terms of sustainability will be
determined. It would be beneficial to carry out similar studies
for different types of transportation both in the world and in
our country. In addition, ranking the highways and seaports
in terms of sustainability will be another research topic.
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ABSTRACT

A geochemical study of surface sediment samples distributed in the Noyyal River basin in
western Tamil Nadu was conducted for major oxides, parent rock source, and the extent of
weathering. The Al O,/TiO, ratio of the samples ranged from (4.5-18) during monsoon and
(3.94-32.14) during summer and fell in the category of mafic and intermediate igneous rocks
during both seasons. The samples exhibited PIA with an average value of 64.80 during mon-
soon and 66.36 during summer. CIA values of the samples averaged 61.48 during monsoon
and 62.35 during summer. The CIA vs. PIA, CIA vs. K/Na, and CIA vs. Al/Na for the studied
samples for both seasons show low to intermediate silicate weathering in almost all locations.
ICV values of samples averaged 5.1 during monsoon and 5.8 during summer suggesting that
rock-forming minerals like plagioclase and alkali-feldspar are more prevalent and fewer clay
minerals are present. The A-CN-K plot shows the weathering tendency towards muscovite
and illite, and the A-C-N plot shows the parent rocks' plagioclases are low to intermediately
weathered and the sediments gradually reduce albite and are enriched in weathering of anor-
thite parent material. The A-CNK-FM shows all the sediment samples lying below the feldspar
region, indicating garnet and biotite presence.

Cite this article as: Crispin A, Parthasarathy P. Geochemical characteristics and paleo weather-
ing in sediments of Noyyal River Basin, Tamilnadu-India. Environ Res Tec 2025;8(1)152-160.

INTRODUCTION

Rivers carry and deposit sediments from various sourc-
es, including geological formations that weather under
various climatic and physiographic conditions [1]. The
geochemistry of sediments relates to studying the chem-
ical content, distribution, and processes that impact sed-
iments. Numerous variables, such as the composition of
the provenance, the temperature, the duration and energy
of sediment movement, and the redox conditions in the
depositional environment, have a significant impact on
the geochemical composition of sediments [2]. Several
factors, including the lithology of the watershed region,

*Corresponding author.
*E-mail address: purushopl @srmist.edu.in

the temperature, the terrain, the flora, and the land use of
the watershed region, all enhance the geochemistry of riv-
er sediments [3]. The sediment composition is also affect-
ed by the meteorological conditions that lead to weather-
ing and erosion [4]. The physical and chemical weathering
of the parent rocks influences river-borne sediments' tex-
ture, mineralogy, and geochemistry. Clay minerals like
kaolinite and smectite are produced by varying degrees
of chemical weathering, while sediments dominated by
gibbsite and kaolinite are produced by strong chemical
weathering. Sediments with illite and chlorite predomi-
nate result from physical weathering [1].

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Study area and Sediment sample location (monsoon and summer).

Precipitation and co-precipitation, adsorption on Fe, Mn
oxides, Al-hydroxides (gibbsite), kaolinite, organic matter
surfaces, and human activities are other factors that impact
trace elements [5]. Strong chemical weathering attaches
cations like Cs, Ba, and Rb to the weathering profile and by
adsorption onto clays, selectively removes cations like Ca,
Na, and Sr from the weathering profile [6]. Clays and heavy
minerals have higher concentrations of trace elements than
silts and sands [7]. Elements usually appear in sediments
as phosphates, hydroxides, carbonates, silicates, sulfides,
sulfates, coupled ions, organometallic compounds, and ox-
ides [8]. Applying chemical weathering indices reflects the
strength of chemical weathering processes and quantifies
the extent of soil and river sediment depletion in mobile vs
immobile components as a result of weathering [9]. Chem-
ical weathering indices, also known as indicators of mod-
ification, are often used to describe weathering profiles.
Chemical weathering indices condense a sample's overall
main element oxide chemistry into a single value.

Noyyal River in the southwest region of Tamil Nadu originates
from the Velliangiri mountain ranges and is a major tributary
of the Cauvery River. It flows through several villages in the
districts of Karur, Tirupur, Erode, and Coimbatore before
joining the Cauvery River near Noyyal in the Karur district
(Fig. 1) [10]. The 180 km long river basin has a total area of
3,500 sq. km. The watershed has an agricultural area of 1,800
sq. km, and its populations in urban and rural areas are 1000
and 120 people per sq. km [10]. Rainfall in the basin varies

greatly throughout the year; during the southwest monsoon, it
receives over 3000 mm of intense rain, while during the north-
east monsoon, it receives 600 mm. Pre-monsoon precipitation
averages between 100 and 300 mm in April and May [10]. The
geological formations of the Noyyal River basin include a wide
range, from the ancient Archean crystalline rocks to the more
recent alluvium deposits. Colluvial formations are seen on the
western edge of the Coimbatore district [11]. The Noyyal ba-
sin has various soil types, ranging from shallow red non-cal-
careous soils to deep grey calcareous soils [12]. Basic and
ultra-mafic rocks, garnet-sillimanite graphite gneiss, granite,
charnockite, fissile hornblende biotite gneiss, and hornblende
biotite gneiss cover the Noyyal River basin [13]. In the basin,
there is a lack of knowledge on the features of the sediments,
the weathering, and the origin of the surface sediments. Hence
this study will aid in understanding the sediment geochemis-
try of the basin. Therefore the objective of the study is to pro-
vide an interpretation of the principal oxides geochemistry,
the degree of weathering, and the provenance of the surface
sediments in the basin of the Noyyal River.

MATERIALS AND METHODOLOGY

Sampling and Analysis

When selecting the sample areas, consideration was given
to the industrial activity and land use along the river. These
sample locations were chosen according to the area type (ur-
ban/ rural). A total of 20 sediment samples, 10 during mon-
soon (November 2021) (Fig. 1) and 10 during summer (May
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Figure 2. ALO, (wt%) and TiO, (wt%) ratio of the study area (a) monsoon and (b) summer.
Table 1. Major elements of monsoon samples (ppm)
Name Ti Al Fe Mg Mn Ca Na K
Sadivayal 2090.23 9238.89 32452.01 9229.28 206.78 4801.93 159.82 3478.10
Alandurai 1288.92 7203.48 33596.01 5101.04 278.73 2424.60 8.54 1899.73
Sulur Stream 998.13 11823.19 46170.78 13197.64 498.46 5625.00 239.82 2937.21
Samalpuram Lake 2040.71 8183.77 39949.88 27585.79 258.01 4283.85 171.44 3223.42
Moolikulam 679.53 10495.65 38703.93 7818.81 357.30 4111.15 105.73 2102.67
Kodumanal 1918.44 11072.31 48298.01 13955.53 332.33 5625.00 959.11 4170.25
Kuppuchipalayam 810.11 10137.44 29443.03 11790.01 355.02 4673.33 1193.04 2251.38
Orathupalayam Dam 457.23 5688.40 21047.97 9120.58 556.95 5921.00 265.59 1171.18
Kodumudi 905.44 9765.59 34298.31 10108.69 462.70 5406.44 203.82 1686.72
Noyyal 486.53 3278.83 19924.56 4883.14 127.12 4321.00 157.96 668.46

2022) (Fig. 1), were collected using a shovel from the Noyyal
River basin. At each sampling location, ~1kg of sediment
samples were obtained from a depth of 5cm by removing the
top layer with the shovel and stored in zip-lock bags at 4°C
in the laboratory until further analysis. For analysis, 0.5g of
sediment sample was digested in a mixture of concentrat-
ed HNO3 and HCI (5:2, v:v) using a Microwave-assisted
extraction/digestion for soil/sediment (CEM MARS 6) re-
action system. The major elements were analyzed using In-
ductively Coupled Plasma - Optical Emission Spectroscopy
(ICP-OES) (Make: Thermo Fisher Scientific, USA) (Model:
iCAP 7400 Duo). Analysis was repeated thrice with an aver-
age error percentage of less than 1% was considered.

Determination of Weathering Intensity

The assessment of weathering intensity in sediments often
relies on widely employed weathering indices, including
the Plagioclase Index of Alteration (PIA), Chemical Index
of Alteration (CIA), and Index of Compositional Varia-
tion (ICV). These indices play a pivotal role in character-
izing the extent of weathering and are particularly essen-
tial in determining the nature of lithological changes in
sediments [14].

The extent of weathering in the source rock is often mea-
sured using PIA values [15]. The PIA can be computed us-
ing Eq.1 [14, 15].

Al,03-K»0
PIA = 275 2
Al03+Ca0* +Na,0-K,0

x100 (1

Plagioclase and K-feldspars' gradual alteration to clay min-
erals may be quantified using the CIA [16]. The CIA can be
computed using Eq.2 [14, 16].

CIA = Al;03 x100 @)
Aly03+Ca0* +K,0+Na,0

ICV suggested by Cox et al. [17], can be used to calculate

the chemical composition of the sample's non-quartz com-

ponents using Eq.3 [18].

[CV = Fe20s+K20+Na;0+Ca0™ +Mg0O+MnO+ Ti0
Al,03

©)

RESULTS AND DISCUSSION

Major Oxides Geochemistry

This study analyzed major elements (Ti, Al, Fe, Mg, Mn,
Ca, Na, and K) and represented them as ppm in Tables 1, 2.
The significant oxides in the sediment sample compositions
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Table 2. Major elements of summer samples (ppm)

Name Ti Al Fe Mg Mn Ca Na K
Sadivayal 1197.17 5906.08 23663.62 4247 .41 236.59 2836.67 137.78 1585.32
Alandurai 389.86 11889.21 38471.38 5553.56 374.67 3844.00 199.55 1799.57
Kuniyamuthur Anaicut  1313.33 9775.39 34532.62 5992.21 312.79 2741.37 309.35 2112.96
Perur Lake 470.95 1924.38 20929.23 3225.83 163.69 4481.13 290.88 717.42
Vellalore Lake 1870.82 6434.34 32626.02 10988.59 253.77 5632.00 266.81 2857.75
Sulur Stream 2101.67 8070.52 40666.00 16384.57 165.19 5982.00 432.03 2482.11
Samalpuram Lake 2530.42 11062.16 33329.15 6932.39 427.12 1443.96 51.07 4319.05
Moolikulam 499.68 8845.35 37068.61 6301.31 106.99 2208.90 146.48 1937.76
Koolipalayam Reservoir 1668.48 14214.82 44366.55 16159.83 311.43 5485.00 367.89 3661.48
Palayakottai 704.19 3180.26 29336.92 6445.71 255.33 2358.00 411.91 924.01
Table 3. Major oxide (wt%) and weathering indices of monsoon samples

Location TiO, AlLO, Fe O, MgO MnO CaO Na O K,0 CIA PIA ICV
Sadivayal 0.35 1.75 4.64 1.53 0.03 0.67 0.02 0.42 61.08 65.67 4.39
Alandurai 0.22 1.36 4.80 0.85 0.04 0.34 0.00 0.23 70.51 76.89 4.75
Sulur Stream 0.17 2.23 6.60 2.19 0.06 0.79 0.03 0.35 65.57 69.65 4.56
Samalpuram Lake 0.34 1.55 5.71 4.57 0.03 0.60 0.02 0.39 60.47 65.04 7.55
Moolikulam 0.11 1.98 5.53 1.30 0.05 0.58 0.01 0.25 70.18 74.58 3.95
Kodumanal 0.32 2.09 6.91 2.31 0.04 0.79 0.13 0.50 59.59 63.44 5.26
Kuppuchipalayam 0.14 1.92 4.21 1.96 0.05 0.65 0.16 0.27 63.82 66.87 3.88
Orathupalayam Dam 0.08 1.07 3.01 1.51 0.07 0.83 0.04 0.14 51.67 51.93 5.28
Kodumudi 0.15 1.85 4.90 1.68 0.06 0.76 0.03 0.20 65.15 67.69 4.22
Noyyal 0.08 0.62 2.85 0.81 0.02 0.60 0.02 0.08 46.72 46.27 7.20
Table 4. Major oxide (wt%) and weathering indices of summer samples

Location TiO, ALO, FeO, Mg0 MnO CaO NaO KO CIA PIA ICV
Sadivayal 0.20 1.12 3.38 0.70 0.03 0.40 0.02 0.19 64.79 69.00 4.41
Alandurai 0.07 2.25 5.50 0.92 0.05 0.54 0.03 0.22 74.19 78.23 3.26
Kuniyamuthur Anaicut  0.22 1.85 4.94 0.99 0.04 0.38 0.04 0.25 73.10 78.92 3.72
Perur Lake 0.08 0.36 2.99 0.53 0.02 0.63 0.04 0.09 32.57 29.38 12.04
Vellalore Lake 0.31 1.22 4.66 1.82 0.03 0.79 0.04 0.34 51.00 51.40 6.58
Sulur Stream 0.35 1.52 5.81 2.72 0.02 0.84 0.06 0.30 56.08 57.79 6.62
Samalpuram Lake 0.42 2.09 4.77 1.15 0.06 0.20 0.01 0.52 74.14 88.26 3.41
Moolikulam 0.08 1.67 5.30 1.04 0.01 0.31 0.02 0.23 74.83 81.39 4.19
Koolipalayam Reservoir 0.28 2.69 6.34 2.68 0.04 0.77 0.05 0.44 68.10 73.32 3.95
Palayakottai 0.12 0.60 4.19 1.07 0.03 0.33 0.06 0.11 54.74 55.95 9.84

are listed in Tables 3, 4. The calculated concentration is giv-
en as wt%. The major oxides (%) during monsoon consists
of TiO2 (0.08-0.35), A1203 (0.62-2.23), FezO3 (2.85-6.91),
MgO (0.81-4.57), MnO (0.02-0.07), CaO (0.34-0.83),
Na,O (0.001-0.16), K,O (0.08-0.50), and during summer
TiO, (0.07-0.42), ALO, (0.36-2.69), Fe,O, (2.99-6.34),
MgO (0.53-2.72), MnO (0.01-0.06), CaO (0.20-0.84),
Na,O (0.01-0.06), and K,O (0.09-0.52). Due to chemical

weathering that occurred during the transit of clastic mate-
rial, Ca?*, Na*, and K* ions were lost, as shown by the low
amounts of Ca0, Na O, and K O in the samples.

The K,O/ALQ, ratio is a useful indicator for determining the
amount of clay and feldspar in the siliciclastic sample [19]. The
K,0/AL O, ratio ranges from 0.16 to 0.31 for clay minerals and
from 0.3 to 0.9 for feldspar [17]. In the present study, the silici-
clastic sediments have a higher value of K,0/Al O, which rang-
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Figure 3. (i) The plot of the CIA against PIA (a) monsoon and (b) summer; (ii) The binary plot of CIA against K/Na (a) monsoon
and (b) summer; (iii) The binary plot of CIA against Al/Na (a) monsoon and (b) summer.

es between 0.11-0.24 during monsoon and 0.10-0.28 during
summer suggesting that most of the sediments contain more
clay minerals that range from 0.16 to 0.31 due to consequences
of intense weathering in a warm and humid climate [19].

Parent Rock Type
A stable composition allows for the preservation of both
Al and Ti throughout the weathering process of the par-

ent rock. As a result, the ratios of A1,O,/TiO, are typically
constant with the parent rocks [20]. ALO,/TiO, >21 de-
notes felsic rocks, ALO,/TiO, in the range of 8-21 shows
intermediate igneous rocks, and AL O,/TiO, <8 suggests
mafic rocks, according to the threshold established by the
ratios of ALO,/TiO, [21]. The AL,O,/TiO, ratio of the sam-
ple locations ranged from (4.5-18) during monsoon with
an average of 10.06 and (3.94-32.14) during summer with
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Figure 4. A-CN-K ternary diagram of the study area (a) monsoon and (b) summer.

an average of 9.94. Most of the samples were mafic and
intermediate igneous rocks during both seasons (Fig. 2).
Intermediate igneous rocks are formed when magma with
moderate silica cools and solidifies. This magma is formed
by a variety of processes occurring inside the Earth, in-
cluding partial melting, fractional crystallization, and the
mixing of different magmas [22]. Mafic rocks are the result
of the process of magma cooling and solidifying, which
occurs when the magma contains a significant amount of
magnesium and iron. Mafic magma could form through
two primary mechanisms; Partial melting and fractional
crystallization [23].

Paleo Weathering

The highest PIA value (100) denotes entirely altered ma-
terials like kaolinite and gibbsite and unweathered pla-
gioclase is indicated when 50% of the maximum PIA val-
ue is reached [14]. The samples exhibit the range of PIA
values from 46.27-76.89 with an average value of 64.80
during monsoon and 29.38-88.26 with an average value
of 66.36 during summer, illustrating the weathering char-
acteristics of the parent rocks. Sediment CIA values are
a vital measure of the degree of weathering in the prov-
enance. CIA of fresh feldspar and unweathered igneous
rocks typically fall within the range of 40 to 50, and resid-
ual rocks that have been significantly affected by weather-
ing have values that are more proximate to 100 [16]. CIA
values of the samples ranged from 46.72-70.51 with an
average value of 61.48 during monsoon and 32.57-74.83
with an average value of 62.35 during summer is seen as
a representation of low to intermediate degree of weath-
ering (Fig. 3i). PIA and CIA assess the contrast between
weathering occurring in the origin and distant transpor-
tation. Despite experiencing some degree of weathering at
the origin, the sediments may not have traveled a signifi-
cant distance before being deposited [24]. The CIA vs. K/
Na (Fig. 3ii) and CIA vs. Al/Na (Fig. 3iii) for the studied
samples for both seasons show low to intermediate silicate
weathering in almost all locations.

ICV values below 1 signify a higher proportion of clay min-
erals. Conversely, values exceeding 1 show the existence of
minerals found in rocks, such as plagioclase, alkali-feld-
spar, and pyroxenes [17]. ICV values of samples ranged
from 4.39-7.55 with an average value of 5.10 during mon-
soon and 3.26-12.04 with an average value of 5.80 during
summer (Table 2a, b). The average ICV score suggests that
rock-forming minerals like plagioclase and alkali-feldspar
are more prevalent and fewer clay minerals are present. This
is due to the geology of the region which is dominated by
ultramafic rocks and also gneiss and granite [13].

The A-CN-K plot (AL,O,-(CaO* + Na,0)-K,0) is a depend-
able measure for evaluating weathering patterns [25]. The
weathering tendency tends to be around the A-vertex and
toward muscovite and illite (Fig. 4) due to the metasoma-
tism of potassium [15]. The increased concentrations of
AL O, and Fe O, in all the samples indicate the existence of
aluminum silicate minerals such as muscovite [26]. Nearly
every sample in the core of the A-CN-K ternary diagram is
above the feldspar join line, indicating plagioclase with CIA
values ranging from (46-70) during monsoon and (32-74)
during summer. The CIA values were >50 (UCC ~50) in
almost all samples indicating low to moderate chemical
weathering.

The A-C-N diagram was used to depict the molar propor-
tions of (AL,O,-K,0), CaO*, and Na,O to observe the pla-
gioclase weathering pattern in the sediments. All samples
in the (A-C-N) triangle plot have a distribution field close
to the A apex, which may be due to the impact of signifi-
cant weathering. The majority of the sediments in the study
show a single line for the plagioclase weathering trend, in-
dicating that the parent rocks' plagioclases are low to inter-
mediately weathered. The sediments display a linear trend
with high CaO values and are enriched in Al,O, suggesting
that the sediments gradually reduce albite and are enriched
in the weathering of anorthite parent material (Fig. 5). The
PIA values of the sediment samples ranged from (46-77)
during monsoon and (29-88) during summer.
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Figure 6. A-CNK-FM ternary diagram of the study area (a) monsoon and (b) summer.

In the A-CNK-FM (ALO, - (CaO+Na,0+K,O) -
(Fe,0,+MgO)) diagram all the sediment samples lie
below the feldspar region indicating the presence of gar-
net and biotite in the study area (Fig. 6). Gneiss domi-
nates the Noyyal basin's subsurface, reaching its maxi-
mum in the center. The southern and southeast regions
of Noyvyal are home to charnockite and on the eastern
edge basic rock are found. Patches of pink granite may
be observed in the western, southwestern, and south-
east sections. The basin is also encompassed by several
types of rocks, including basic and ultra-mafic rocks,
garnet-sillimanite graphite gneiss, granite, charnockite,
fissile hornblende biotite gneiss, and hornblende bio-
tite gneiss [13]. The A-CNK-FM diagram provides ev-
idence of the existence of these minerals in the studied
sediment samples indicating that the underlying rock
formations are mostly composed of igneous and meta-
morphic rocks.

CONCLUSION

The surface sediment of the Noyyal River basin was geo-
chemically analyzed to understand the major oxide geo-
chemistry, weathering intensity, and provenance. Based
on the findings and the subsequent discussion of the cur-
rent study, the following conclusions may be drawn:

o Major element data suggests that the major sources of
sediments were mafic and intermediate igneous rocks.

« The CIA and PIA values, CIA and K/Na values, and the
sediments' CIA and Al/Na values suggest low to inter-
mediate silicate weathering in the sample locations.

o The average ICV score suggests that rock-forming min-
erals like plagioclase and alkali-feldspar are more prev-
alent and fewer clay minerals are present.

o The A-CN-K plot shows that the weathering tendency
tends to be around the A-vertex and toward muscovite
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and illite. All the samples are above the feldspar join
line, indicating plagioclase with CIA values >50.

o The A-C-N plot shows a single line for the plagioclase
weathering trend, indicating that the parent rocks'
plagioclases are low to intermediately weathered. The
sediments display a linear trend with high CaO values
and are enriched in Al O, suggesting that the sediments
gradually reduce albite and are enriched in the weather-
ing of anorthite parent material

o The A-CNK-FM shows all the sediment samples lie be-
low the feldspar region indicating the presence of gar-
net and biotite and provides evidence of the existence
of these minerals indicating that the underlying rock
formations are mostly composed of igneous and meta-
morphic rocks.

The Noyyal River basin illustrates the intricate interaction
between natural and human-induced processes that con-
trol the mobility and accumulation of surface material. The
transportation of surface material in the Noyyal River basin
from its provenance to its sink is an intricate process that is
affected by geological, hydrological, land use, climate, and
human variables. Comprehending this process is crucial for
efficient river basin management and reducing the conse-
quences of sediment-related problems such as inundation,
deterioration of water quality, and accumulation of sedi-
ment in reservoirs.
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ABSTRACT

The concentration of CO, emissions in OIC member countries has decreased over the past
decade. The theory of sustainable growth suggests that increased CO, emissions can be influ-
enced by various factors such as economic growth, population, FDI, and globalization, and
vice versa. However, economic growth, population, FDI, and globalization in OIC member
countries have all increased, which contradicts the theory of sustainable growth. Therefore,
this study aims to test and analyze the effects of economic growth, population, FDI, and glo-
balization on CO, emission concentrations in OIC member countries. This research is quanti-
tative, using data on economic growth, population, FDI, globalization index, economic global-
ization, political globalization, and social globalization for 53 OIC member countries over the
period from 1992 to 2020, obtained from various sources such as the World Bank, UNCTAD,
and the KOF Index of Globalization. The data analysis technique used is the System GMM.
The results of this study show that economic growth and increased FDI have a significant effect
on increasing CO, emission concentrations. In contrast, increases in population and globaliza-
tion have a reducing effect on CO, emission concentrations in OIC member countries.

Cite this article as: Zainul Mustofa H. The relationship between economic growth, popu-
lation, FDI, globalization, and CO, emissions in OIC member countries. Environ Res Tec

2025;8(1)161-176.

INTRODUCTION

Over the past 150 years, humans have increased the con-
centration of carbon dioxide (CO,) in the atmosphere
from about 280 ppm (parts per million) to the current 385
ppm [1]. The increase in CO, emissions has caused the
global average temperature to rise by about 1 °C since the
pre-industrial period, while the oceans have increased in
temperature and acidity as they absorb CO, and heat [2].
Global resources have depleted since the second half of
the twentieth century, and environmental crises have in-
tensified. To address these conditions, a sustainable devel-
opment strategy was proposed in “Our Common Future”
by the World Commission on Environment and Devel-
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opment in 1987. During this period, the concept of the
circular economy emerged to reduce the consumption of
natural resources and minimize environmental pollution
by considering the circulation of resources within social
and economic systems [3]. Emissions from burning fossil
fuels significantly contribute to today’s hotly debated eco-
logical issues. More than half of the contribution to the
greenhouse effect is caused by CO,, primarily released due
to the use of fossil fuels, with no economically viable tech-
nologies for CO, reduction currently available [4]. The
continued use of fossil fuels will negatively impact envi-
ronmental sustainability due to increased CO, emissions
and may eventually erode the earth’s ozone layer.
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The growth of CO, emissions in OIC (Organisation of
Islamic Cooperation) member countries shows fluctua-
tions from year to year (Fig. 1). From 1992 to 2006, CO,
emissions produced by OIC member countries continued
to increase. However, from 2007 to 2009, they showed a
downward trend, which could be attributed to the Sub-
prime Mortgage crisis that negatively impacted the perfor-
mance of global industries, leading to a reduction in CO,
emissions. In 2010, CO, emissions in OIC countries began
to rise again, reaching their peak in 2012. However, from
2013 to 2020, CO, emissions generally decreased yearly, in-
dicating growing public awareness in OIC member coun-
tries of the importance of sustainability in environmental
ecosystems, alongside increased encouragement to adopt
renewable technologies over the last decade. The theory of
sustainable growth was first coined by Meadows [5] in 1972
in “The Limits to Growth” Meadows revealed that achiev-
ing balance in sustainable growth requires consideration of
several influencing factors. These factors include popula-
tion, capital, birth rate, death rate, investment value, depre-
ciation, community values, environmental sustainability,
social welfare, and technological progress.

A country’s economic growth is one factor that influenc-
es the growth of CO, emissions. Research on the impact
of economic growth on CO, emissions has been widely
conducted, yielding a variety of findings [6-8]. Anwar’s
findings show that economic growth significantly increas-
es CO, emissions [9]. Meanwhile, Mujtaba’s [10] findings
show the opposite result, indicating that economic growth
significantly reduces CO, emissions. By 2022, the total
GDP of OIC countries had increased to US$ 8.7 trillion
as a result of the ongoing gradual recovery. This econom-
ic measure shows that the OIC country group accounted
for 8.7% of global GDP that year, up 0.9 percentage points
from the previous year. Regarding Purchasing Power Parity
(PPP) expressed in international dollars, the total GDP of
OIC countries reached 24.4 trillion dollars and accounted
for 14.9% of global GDP in 2022, up 0.3 percentage points
from 2021 [11]. Based on these data, economic growth may
be a factor that plays a role in influencing the increase in
CO, emissions in OIC member countries. However, some
findings suggest that economic growth can also play a role
in reducing CO, emission levels. Thus, the relationship be-
tween economic growth and CO, emissions needs further
analysis.

Another factor that is thought to influence the growth of
CO, emissions is the growth of a country’s population.
As the population increases, new houses, office buildings,
malls, and roads are built to accommodate this growth,
covering fertile agricultural land and forests that could oth-
erwise absorb CO, emissions [12]. By 2021, it is estimated
that there will be 1.9 billion Muslims, making up about 25%
of the world’s population. Over the next decade, the Mus-
lim population is projected to continue growing at twice
the rate of the non-Muslim population [13]. Populations in
OIC countries are urbanizing more rapidly than the global
average. This trend contributes to increased CO, emissions
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Figure 1. CO, emission growth of OIC member countries
from 1992-2021.
Source: World Bank Data, 2024.

in OIC countries, as most economic activity, energy con-
sumption, and greenhouse gas emissions occur in urban ar-
eas. Therefore, cities need to reduce their energy consump-
tion and switch to renewable energy sources if they are to
lower their carbon footprint significantly [14]. Mendonga’s
[15] findings show that population growth increases CO,
emissions. However, Yang’s [16] findings indicate that pop-
ulation growth contributes to reducing CO, emissions.
Thus, based on this and the theory of sustainable growth,
there is an indication that population growth plays a role in
the growth of CO, emissions. More in-depth analyses are
needed to determine how this influence is realized.

It is also suspected that Foreign Direct Investment (FDI) is
one of the factors that can affect the growth of CO, emis-
sions. FDI represents investment in productive assets by
a parent company in another country [17]. In 2022, FDI
flows in OIC countries reached US$ 2.3 trillion, an increase
of 18.4% from the value in 2018 [11]. Several studies re-
veal a relationship between FDI and CO, emission intensity
[18-20]. Ali pointed out that the increase in FDI inflows
to Organization of Islamic Cooperation (OIC) countries
has had a detrimental impact on nature and ecological
systems, rather than focusing on technology-oriented re-
source utilization [21]. This indicates that the growth of
FDI in OIC member countries has been partially directed
towards advancing environmentally friendly technological
innovation, but has primarily focused on exploiting natu-
ral resources, which negatively impacts the environment
and ultimately results in increased CO, emissions in these
countries. However, Khan’s [22] findings show that FDI has
a significant positive impact on the ecological footprint and
demonstrates an environmentally friendly effect in low-
er-middle-income OIC member countries. These findings
present an opposite result compared to previous studies,
making the impact of FDI on CO, emissions unclear.

Globalization is now also an essential factor in reducing
CO, emissions. Several studies show that globalization in-
fluences CO, emissions [23-25]. Globalization plays a vital
role as a means to spread and adopt technology in manag-
ing the digital economy market. Through globalization, op-
portunities for sustainable economic growth are opening up
in several sectors, including renewable energy, sustainable
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transportation, and clean manufacturing, by introducing
products and services based on renewable energy resources
[26]. Although there is a general opinion that globalization
and economic freedom have many benefits for a country’s
economy [27], the innovations generated by globalization
can support the completion of work more efficiently and re-
duce costs [26]. An overview of globalization development
in OIC countries shows that these countries are still having
difficulty catching up with more developed nations. OIC
countries still face challenges narrowing the economic and
developmental gap with developed nations [28]. Therefore,
the impact of globalization, such as the introduction of re-
newable energy technology that can reduce CO, emissions,
has not been fully explained, and further analysis is needed
to determine its impact.

Based on the previously described background, this study
aims to analyze and identify the relationship between eco-
nomic growth, population, FDI, and globalization on CO,
emissions in OIC member countries. The research also
aims to clarify the role of each of these factors in increas-
ing or decreasing CO, emissions, considering the specific
conditions in OIC countries. This research will provide
deeper insights into effective environmental policies and
sustainable development strategies for OIC countries. The
implications of this research encompass several aspects,
including the potential to serve as a foundation for policy-
makers in OIC member countries when formulating more
effective and targeted environmental policies. By captur-
ing the impact of economic growth, population, FDI, and
globalization on CO, emissions, this research aids policy-
makers in identifying the key factors that contribute to in-
creasing or decreasing emissions. Additionally, the findings
can assist OIC countries in designing sustainable develop-
ment strategies that balance economic growth with envi-
ronmental protection, emphasizing green technologies and
energy efficiency. The research can also guide international
investment and trade decisions by providing insights into
how FDI and globalization affect CO, emissions and how
to direct investments to support greener technologies and
practices.

LITERATURE REVIEW

Economic Growth and CO, Emissions

Dadkhah explains that national income is an important in-
dicator reflecting a country’s economic condition, encom-
passing the total output of goods and services produced
(GDP) as well as its distribution within society, including
wages, corporate profits, rental income, interest, and other
forms of income [29]. The relationship between economic
growth and the environment has long been discussed, no-
tably since the United Nations report “Our Common Fu-
ture” introduced the concept of “Sustainable Development””
Developing countries, including OIC members, often focus
more on poverty alleviation than on adopting advanced
technologies for environmental protection, unlike high-in-
come developed countries [30]. Meadows [5] explains that

increased energy use as part of economic development is of-
ten directly related to rising CO, emissions. This is because
many energy sources used in the economic development
come from fossil fuels, which produce carbon emissions. In
other words, the more energy consumed to enhance pro-
ductivity and efficiency, the greater the potential for CO,
emissions. Adedoyin [31] also supports this statement by
asserting that increasing fossil energy production to sup-
port economic growth will exacerbate CO, emissions and
hinder the achievement of sustainable development.

Previous research on the impact of economic growth on
CO, emissions has produced mixed results. Some studies
indicate that economic growth significantly increases CO,
emissions, as observed in Osobajo’s [32] study of 70 coun-
tries from 1994 to 2013. Similarly, Li’s [33] findings show
that economic growth in China, driven by fossil fuel con-
sumption, has significantly increased total CO, emissions.
These findings are also consistent with Zhang’s [34] study
of five Asian countries in the short term. However, oth-
er studies have shown different findings, such as those of
Namahoro et al. [35], which indicate that economic growth
has contributed to reducing CO, emissions in 50 African
countries. Hdom and Fuinhas [36] found that economic
growth decreased CO, emissions in Brazil and emphasized
the need for more significant investment in sustainable
infrastructure to support economic growth while reduc-
ing emissions. This finding aligns with Rahman’s [37] re-
search, which suggests that investment in green technolo-
gy can promote greener economic growth. This gap in the
literature highlights the uncertainty about how economic
growth affects CO, emissions in different countries. There-
fore, more in-depth studies are needed to understand the
relationship between economic growth and CO, emissions.

Population and CO, Emissions

According to Gluns [38], population growth refers to the
increase in an area’s population over time caused by a high-
er birth rate than death rate, as well as immigration into the
area. The relationship between CO, emissions and popula-
tion is that the more people there are, the greater the need
for transportation, electricity, and consumer goods. This
can increase CO, emissions due to more intense economic
activity, even though pollution control technologies have
improved [39]. Meadows [5] states that uncontrolled pop-
ulation growth can lead to increased land and resource use,
which can cause environmental degradation and higher
CO, emissions. Additionally, although technology can ex-
tend the growth period, more than technological solutions
are needed to overcome the limits imposed by population
pressure and industrial activities on the environment, in-
cluding CO, emissions. Khan [40] argues that rapid popu-
lation growth accelerates the depletion of natural resources.
As the population increases, the demand for resources such
as fossil fuels also rises to meet growing energy needs. This
results in increased combustion of fossil fuels, which is one
of the primary sources of CO, emissions. In other words,
the more energy the population requires, the greater the
amount of fossil fuels burned, increasing CO, emissions.
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Studies conducted in different countries provide a varied
picture of how population growth affects CO, emissions
[16, 41-44]. Some findings show that population growth
leads to an increase in CO, emissions, as found by Men-
donga et al. [15] in 50 countries during the period 1990 to
2015. Anser et al. [45] also found that population growth
increased CO, emissions in member countries of the South
Asian Association for Regional Cooperation (SAARC) from
1994-2013. Chandra et al. [46] further points out that pop-
ulation growth significantly increases CO, emissions. With
more people, the demand for energy for homes, industries,
and businesses also rises. This often leads to constructing
more power plants that use fossil fuels such as coal and oil,
which produce large amounts of CO,. Additionally, a larg-
er population means a greater need for goods and services,
leading to increased production, transport, and packaging,
which contributes to CO, emissions [46]. However, some
findings show that population growth affects reducing CO,
emissions, as observed by Rehman [47] in Pakistan from
2001 to 2014. Although many studies have explored the re-
lationship between population growth and CO, emissions,
its influence on CO, emissions is still unclear. Therefore,
more in-depth analyses are needed to understand the im-
pact of the population on CO, emissions.

FDI and CO, Emissions

In the relationship between FDI and CO, emissions, Mead-
ows states that sustainable growth focuses on various fac-
tors that affect development, such as population, capital,
technology, investment value, technological progress, and
environmental sustainability. Factors like investment value
and technological progress are related to how FDI can im-
pact the growth of CO, emissions. FDI can bring more ef-
ficient technology or capital that increases economic activ-
ity. These technologies and capital can, in turn, affect CO,
emissions by reducing them through clean technologies or
increasing them through more excellent energy production
and consumption [5]. Veidenheimer [48] explains that FDI
can help reduce CO, emissions per unit of output by trans-
ferring green technology and exploiting economies of scale.
By attracting more FDI, countries can improve efficiency
and reduce production costs and CO, emissions per unit
of output. However, to achieve such benefits, significant
initial investments in infrastructure and technology are
required. Wang [49] explains that FDI is one of the driv-
ers of increased CO, emissions. Meanwhile, Marques and
Caetano [50] argues that in developed countries, increased
FDI can reduce CO, emissions, whereas in middle-income
countries, increased FDI tends to increase CO, emissions.

Previous studies on the relationship between FDI and CO,
emissions have shown mixed results. Some findings indi-
cate that an increase in FDI leads to a significant rise in CO,
emissions, as seen in Ullah’s [51] study on Vietnam from
1975 to 2017. Similarly, Huang [52] demonstrated that in-
creased FDI contributed to higher CO, emissions in G20
member countries from 1996 to 2018. Asongu and Odhi-
ambo [53] also reported similar results for 49 SSA countries
between 2000 and 2012. However, other studies present

contrasting results, where an increase in FDI significantly
reduces CO, emissions, such as Rafiques [54] findings for
BRICS countries from 1990 to 2017. Wang’s [55] research
also revealed that an increase in FDI lowers CO, emissions
in 28 provinces in China during the period 2000 to 2018.
Several other studies align with this view [56, 57]. While
theory suggests that FDI should reduce CO, emissions
through the adoption of clean technology and improved
efficiency, empirical evidence indicates that the impact of
FDI is highly dependent on country-specific factors, such
as environmental regulations, the level of economic devel-
opment, and the type of technology adopted. Therefore,
further research is needed to understand the conditions
under which FDI will reduce or increase CO, emissions.

Globalization and CO, Emissions

Globalization is a key driver, including global price com-
petitiveness and future automation. Communication tech-
nology enables companies to expand their reach globally
[58]. In the relationship between globalization and CO,
emissions, Meadows revealed that globalization increases
interconnections between countries, accelerating techno-
logical progress and investment by transferring knowledge
and capital. This fuels economic growth and infrastructure
development and pressures the environment and social
welfare [5]. Shahbaz [59] states that globalization is vital in
reducing CO, emissions because it helps developing coun-
tries acquire the necessary technology and management
experience to reduce pollution earlier in their economic
development. Jahanger et al. [60] also mentions that global-
ization benefits developing countries by improving technol-
ogy, production, and consumption efliciency, thus allocat-
ing more funds to environmentally friendly projects. This
suggests that globalization can significantly help reduce
environmental pollution. Ting Ma [61] provides evidence
that participation in globalization can improve developing
countries’ performance in protecting the environment by
implementing stricter regulations in response to pressure
from international norms.

Studies on the effect of globalization on CO, emissions
have been widely conducted by researchers, with mixed
results. Some researchers state that an increase in global-
ization significantly impacts reducing CO, emissions. For
example, Xiaoman’s [25] study on Middle East and North
Africa (MENA) countries from 1980 to 2018 found this
effect. Tsimisaraka [62] also reported that an increase in
globalization will decrease CO, emissions in OBOR coun-
tries. Umar’s findings show that globalization played a vi-
tal role in reducing CO, emissions in China in the long
run from 1980 to 2017 [23]. Similarly, Muhammad’s [63]
findings for 170 countries from 1990 to 2018 indicate in-
creased globalization will increase CO, emissions. Con-
versely, Anser’s [64] study shows increased CO, emissions
are influenced by increased globalization in South Asian
countries from 1985 to 2019. Other findings are consis-
tent with this view [24, 65]. These studies highlight a gap
between theory and reality regarding the impact of global-
ization on CO, emissions. While some studies suggest that
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Table 1. Summary of literature review

Author Year  Region Period Variable Method Results

Namahoro et al. [35] 2021 Afrika regions 1980-2018 GDP — CO2 PMG, CCEMG, CS-DL Negative
Hdom et al. [36] 2020 Brazil 1975-2016 GDP — CO2 FMOLS, DOLS Negative
Osobajo et al. [32] 2020 70 countries 1994-2013  GDP — CO,  POLS, fixed effect Positive
Lietal. [33] 2021 China 1990-2020 GDP — CO2 ARDL Positive
Adedoyin et al. [31] 2020  BRICS 1990-2014  GDP — CO, PMG-ARDL Positive
Zhang et al. [34] 2023 6 Asian countries 1975-2020 GDP — CO, AMG Positive
Rahman et al. [37] 2021 10 countries 1979-2017 GDP — CO2 DOLS, FMOLS, PMG Negative
Yang et al. [16] 2021 OCED 1971-2016 POP — CO2 FMOLS, DOLS, AMG Negative
Wang and Li [41] 2021 154 countries 1992-2016  POP — CO, Panel threshold model Negative
Mendonga et al. [15] 2020 50 countries 1990-2015  POP — CO, Hierarchial regression Positive
Anser et al. [45] 2020  SAARC countries 1994-2013  POP — CO, Fixed effect Positive
Khan et al. [40] 2021  United States 1971-2016 ~ POP — CO, GMM, GLM Positive
Rahman et al. [43] 2021  Bangladesh 1973-2014 POP — CO, ARDL Positive
Yu et al. [42] 2023 30 Provinces in China ~ 2000-2019  POP — CO, Systematic GMM Negative
Xiaoman et al. [25] 2021  MENA countries 1980-2018  GLB — CO,  Cup-FM, Cup-BC Negative
Umar et al. 2020  China 1980-2017 GLB— CO, ARDL Negative
Muhammad and Khan [63] 2021 170 countries 1990-2018  GLB — CO, GMM, fixed effect Negative
Anser et al. [64] 2021 South Asian 1985-2017  GLB — CO, FMOLS Positive
Mehmood et al. [65] 2020  South Asian 1972-2013  GLB — CO, ARDL Positive
Ma et al. [61] 2021 179 countries 1995-2014  GLB — CO, Fixed effect Negative
Ullah et al. [51] 2021  Vietnam 1975-2019  FDI — CO, ARDL Positive
Huang et al. [52] 2022 G20 countries 1996-2018  FDI — CO, FGLS Positive
Rafique et al. [54] 2020  BRICS 1990-2017  FDI— CO, AMG Negative
Asongu et al. [53] 2020 49 countries in SSA 2000-2012  FDI — CO, GMM Negative
Wang and Li [41] 2021 30 provinces in China ~ 2004-2016 ~ FDI — CO, VECM Positive
Lin et al. [56] 2022 China 2004-2015  FDI — CO, Two-way fixed effect Negative
Khan et al. [57] 2023 108 countries 2000-2016  FDI — CO, VECM Negative
Wang and Li [41] 2021 28 provinces in China ~ 2000-2018  FDI — CO, Quantile regression Negative

Source: Author processed, 2024.

globalization can reduce emissions through technology
and efficiency, others indicate that it increases emissions
due to economic activity and energy consumption. This
suggests further research to understand the relationship
between globalization and CO, emissions.

Gap Research

This study identifies a gap in the literature regarding the
relationship between economic growth, population, FDI,
and globalization with CO, emissions in OIC member
countries. Meadows’ sustainable growth theory states that
increases in CO, emissions usually go hand in hand with
economic growth, population, globalization and FDI.
However, empirical data from OIC countries over the
past decade show the opposite trend, where an increase
in these variables is accompanied by a decrease in CO,
emissions. This phenomenon suggests an anomaly that
warrants further research to understand other factors that
may have contributed to the decline in emissions in OIC
countries, which have not been fully explained by existing
theories. In addition, most previous studies have focused
on developed or developing countries in general, without
considering the unique characteristics of OIC countries.
This study aims to test the relevance of Meadows’ theo-

ry in the context of OIC countries, while exploring other
factors that may play a role in reducing CO, emissions. As
such, this study is expected to make a significant contribu-
tion to understanding the complexity of the relationship
between economic and environmental variables in OIC
countries, as well as assist policy makers in formulating
more sustainable development strategies.

MATERIALS AND METHODS

Research Approach and Data

This research is a quantitative study utilizing secondary data
within the category of dynamic panel data. Quantitative re-
search is an approach that involves the collection, analysis,
and interpretation of data in numerical or statistical form
to investigate relationships, patterns, or trends within a
phenomenon [66]. The data analyzed include annual data
on CO, emissions, GDP, population, Globalization Index,
Economic Globalization, Political Globalization, Social
Globalization, and FDI for OIC member countries (Table
3) covering the period from 1992 to 2020. The data sources
representing the sample in this study are presented in Ta-
ble 2. The collected data were processed and analyzed using
Stata 17 and Eviews 12 software.
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Table 2. Variables and data sources

Variable Description Unit Period Source

CO, CO, per capita Metric tons 1992-2020 World Bank data
Y GDP per capita US dollar 1992-2020 World Bank data
P Population Million person 1992-2020 World Bank data
FDI Foreign direct investment Million USD 1992-2020 UNCTAD

IG Index of globalization Scale (1-100) 1992-2020 KOF globalization
EG Economic globalization Scale (1-100) 1992-2020 KOF globalization
PG Political globalization Scale (1-100) 1992-2020 KOF globalization
SG Social globalization Scale (1-100) 1992-2020 KOF globalization
Source: Author processed, 2024.

Table 3. Country list

Country Period Country Period Country Period Country Period
Afghanistan 1993-2020 Gabon 1992-2020 Malaysia 1992-2020 Sudan 1992-2020
Albania 1992-2020 Gambia 1992-2020 Maldives 1992-2020 Suriname 1992-2020
Algeria 1996-2020 Guinea 1992-2020 Mali 1992-2020 Tajikistan 1995-2020
Azerbaijan 1994-2020 Guinea-Bissau 1992-2020 Mauritania 1992-2020 Togo 1992-2020
Bahrain 1999-2020 Guyana 1992-2020 Morocco 1992-2020 Tunisia 1992-2020
Bangladesh 1992-2020 Indonesia 1992-2020 Mozambique 1992-2020 Tiirkiye 1992-2020
Benin 1992-2020 Iran 1992-2020 Niger 1992-2020 Turkmenistan 2000-2020
Brunei 1992-2020 Iraq 2000-2020 Nigeria 1992-2020 Uganda 1992-2020
Burkina Faso 1992-2020 Jordan 1992-2020 Oman 1992-2020 UAE 1992-2020
Cameroon 1992-2020 Kazakhstan 1997-2020 Pakistan 1997-2020 Uzbekistan 1995-2020
Chad 1992-2020 Kuwait 1999-2020 Qatar 1995-2020 Yemen 1992-2016
Comoros 1992-2020 Kyrgyzstan 1994-2020 Saudi Arabia 1994-2020

Cote d’'Ivoire 1992-2020 Lebanon 1992-2020 Senegal 1993-2020

Egypt 1992-2020 Libya 1992-2020 Sierra Leone 1992-2020

Source: Author processed, 2024.

Model Specifications

In creating the econometric model, we based it on Mead-
ows’ [5] statement that the factors affecting pollution are
economic growth, population, investment, and globaliza-
tion. Additionally, we used previous studies to select the
variables for the model. The first variable selected regarding
its influence on CO, emissions is economic growth [32, 33,
35, 36]. This variable was chosen because economic growth
is often directly related to the level of energy use and CO,
emissions. Economic growth is usually accompanied by in-
creased energy consumption, much of which comes from
fossil fuels that produce CO, emissions. Some studies also
mention the effect of population on CO, emissions [15, 16,
41, 45]. An increase in population is generally associated
with higher energy consumption and transport, increasing
CO, emissions. Other studies show that FDI influences CO,
emissions [49, 56, 57]. FDI can impact CO, emissions by
introducing new technologies and practices that may in-
crease or reduce emissions, so the FDI variable is included

in the model. The following variable included in the mod-
el is globalization. In this study, the globalization variable
consists of the globalization index, economic globalization,
political globalization, and social globalization. Globaliza-
tion can affect CO, emissions through increased trade, in-
vestment, and cultural exchange, which can lead to higher
energy consumption and transportation [23, 25, 63, 64]. We
transformed all variables into natural logarithms to obtain
elasticity and simplify data processing. Logarithmic trans-
formation also helps reduce heteroscedasticity and address
scale issues between variables. Thus, the econometric mod-
el can be written as follows:

Inco,=B, Inco, +B, Iny+P, Inp+P, Infdi+p, Inig+p, Ineg+p,
Inpg+p, Insg+e, (1)
Where Inco, is the natural logarithm of carbon dioxide, Iny is
the natural logarithm of GDP, Inp is the natural logarithm of
population, Infdi is the natural logarithm of FDI, Inig is the
natural logarithm of globalization index, Ineg is the natural
logarithm of economic globalization, Inpg is the natural log-
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arithm of political globalization, and Insg is the natural log-
arithm of social globalization. The use of Inco, ,  indicates
the dependence of current CO, emissions on CO, emissions
in the previous period, reflecting the dynamic nature of the
CO, emission phenomenon. Then the interaction between
economic growth, population, and FDI variables with glo-
balization is included in the model to measure the combined
effect of these variables on CO, emissions, as the effect of
one variable may differ when influenced by another variable.
Furthermore, globalization drives economic growth by in-
creasing trade, investment, and market efficiency. Increased
economic activity often results in higher energy production
and consumption, leading to increased CO, emissions if the
energy comes from non-renewable sources [67]. Some OIC
countries still depend on fossil fuels to support their economic
growth, and as industrial activity and energy consumption in-
crease, they experience a rise in CO, emissions. Therefore, in
the model (2), we include the interaction between economic
growth and globalization to measure the combined impact of
economic growth and globalization on CO, emission growth.

Inco,=B, Inco,, +B, Iny+B, Inp+p, Inig+p, Ineg+f, Inpg+p,
Insg+f, Infdi+ B, (InyxInig)+e, (2)
Where InyxInig represents the interaction between the eco-
nomic growth and globalization variables. Furthermore,
population growth is usually accompanied by an increase in
energy consumption. Globalization, which often drives in-
dustrialization and urbanization, also increases energy con-
sumption. If the primary energy source is fossil fuels, this will
lead to increased CO, emissions [68]. Therefore, model (3) in-
cludes the interaction between population and globalization
to measure their combined effect on CO, emission growth.

Inco,=B, Inco, +B, Iny+p, Inp+f, Inig+p, Ineg+p; Inpg+p,
Insg+B, Infdi+B, (InpxInig)+e, (3)
Where InpxInig represents the interaction between popu-
lation and globalization variables. Furthermore, developed
countries may shift the production of polluting goods to
developing countries. Globalization, through foreign in-
vestment flows, may accelerate this phenomenon [57]. OIC
member countries, mainly developing countries, often have
more lax environmental regulations than developed coun-
tries. As a result, FDI from developed countries may lead
to increased CO, emissions in these developing countries.
Thus, in the model (4), we also include the interaction be-
tween FDI and globalization to measure the combined im-
pact of FDI and globalization on CO, emission growth.

Inco,=B, Inco, +B, Iny+p, Inp+f, Inig+p, Ineg+p, Inpg+P,
Insg+f. Infdi+B, (InfdixInig)+e, (4
Where InfdixInig represents the interaction between FDI
and globalization variables. So that the interaction effect of
FDI and globalization can be seen on the growth of CO,
emissions.

Data Analysis Method

The method used in this study is the Generalized Method
of Moments (GMM). GMM is a statistical method used
in econometric analysis to evaluate and estimate parame-

ters in statistical models introduced by Arellano and Bond
[69]. In the difference GMM estimator, the instrument uses
lagged values of the differences and levels of the endoge-
nous variables to overcome the endogeneity problem under
the assumption that the first differences of the instrument
variables are uncorrelated with the fixed effects. However,
the difference GMM has the limitation of lacking efficiency
in estimating parameters, especially when the model con-
siders long-run relationships between variables. In addi-
tion, using only the first difference of the endogenous vari-
able as an instrument may ignore important information
from the level of the endogenous variable and cause bias
in parameter estimation. Therefore, the GMM system was
introduced by Arellano-Bover [70] and Blundell-Bond [71]
as a development of difference GMM. System GMM is used
to deal with endogeneity by extending the difference GMM
approach to consider the second difference of the endoge-
nous variables as well as incorporating the exogenous vari-
ables as instruments. In the GMM system, lagged values of
the levels of endogenous variables are used. It also allows
the model to capture the long-run effects of exogenous vari-
ables and is more efficient in estimating parameters.

Although the GMM method offers many advantages, some
limitations must be considered. Complex endogeneity
problems can still occur even though GMM is designed to
address endogeneity. Therefore, better instrument selection
and rigorous instrument validation are required. Estima-
tion efliciency is also a concern, as Difference GMM may
be less efficient at estimating parameters, especially when
the model considers long-run relationships between vari-
ables. The use of System GMM can improve estimation ef-
ficiency by considering second differences of endogenous
variables as well as exogenous variables as instruments. In
addition, dynamic panel data requires certain assumptions
that may not always hold in every case. Alternative tech-
niques such as System GMM can help overcome some lim-
itations. Instrument validity is also fundamental, as invalid
instruments may result in biased estimates. The Sargan and
Arellano-Bond autocorrelation tests are used to ensure in-
strument validity and consistency of estimation results.

RESULTS AND DISCUSSION

Descriptive Statistics and Correlation Matrix

Descriptive statistics of the variables in this study are pre-
sented in Table 4. The average CO, emissions per capita of
OIC member countries is 4.50 metric tons, with a standard
deviation of 7.72. The minimum value of CO, emissions is
0.04 metric tons, indicating that some countries have low
CO, emissions, while the maximum value is 47.66 metric
tons, suggesting that some OIC countries have very high CO,
emissions. The average value for the GDP per capita variable
is 5,584.94%, with a minimum of 137.18$ and a maximum
of 98,041.41$, indicating positive economic development
in OIC member countries. The average population is 27.80
million, with a minimum of 0.24 million and a maximum
of 271.86 million, indicating a medium population size on
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Table 4. Descriptive statistics
Variable Mean Std. dev Min Max
CO, 4.50 7.72 0.04 47.66
Y 5583.94 10949.78 137.18 98041.40
P 27.80 47.77 0.24 271.86
FDI 1436.18 3219.54 -10176.40 25120.70
IG 49.49 12.14 22.10 81.10
EG 47.73 14.76 7.90 87.70
PG 57.13 17.76 11.90 92.70
SG 43.59 16.61 10.50 83.00
Source: STATA Output, 2024.
Table 5. Correlation matrix of variables from 53 OIC member countries

LNCO, LNY LNP LNFDI LNIG LNEG LNPG LNSG
LNCO, 1.0000
LNY 0.8857 1.0000
LNP -0.1933 -0.2358 1.0000
LNFDI 0.4692 0.5060 0.4246 1.0000
LNIG 0.6460 0.6948 0.1296 0.7075 1.0000
LNEG 0.6514 0.6238 -0.2079 0.4770 0.7589 1.0000
LNPG 0.0420 0.0999 0.6853 0.5428 0.6003 0.0918 1.0000
LNSG 0.7451 0.7970 -0.2808 0.4995 0.8182 0.6929 0.1456 1.0000
Source: STATA Output, 2024.
average across OIC countries. The Globalization Index vari-  Unit Root Tests

able has an average of 49.49, suggesting that globalization in
OIC countries is classified as developing. The average values
for Economic Globalization, Political Globalization, and So-
cial Globalization are 47.73, 57.13, and 43.59, respectively.
The FDI variable has an average value of 1,436.18$ thou-
sand, with a minimum value of -10,176.40$ thousand and
a maximum of 25,120.70$ thousand. This range reflects the
inadequate infrastructure in some OIC member countries,
which can lead to lower foreign investor interest.

The correlation matrix in Table 5 shows the relationship be-
tween the variables studied. GDP per capita shows a robust
positive correlation with CO, emissions at 88.57%, indicat-
ing a significant contribution of economic growth to the
increase in CO, emissions in OIC member countries. Social
Globalization also exhibits a positive correlation, at 74.51%,
followed by Economic Globalization at 65.14%. Addition-
ally, the Globalization Index shows a correlation of 64.60%,
indicating that the growth of globalization substantially
influences the growth of CO, emissions in OIC member
countries. FDI shows a correlation of 46.92%. In contrast,
Political Globalization contributes very little to the growth
of CO, emissions, with a correlation of 4.20%. Notably, the
relationship between Population and CO, emission growth
is negative, with a correlation of -19.33%, suggesting that
population growth contributes very little to CO, emissions
in OIC member countries.

The stationarity test refers to checking whether the sta-
tistical properties of a time series remain consistent over
time. In this context, the stationarity test aims to determine
whether some trends or patterns may affect the behavior of
the time series. In this study, the Augmented Dickey-Full-
er (ADF) and Phillips-Perron (PP) tests are used to test
the stationarity of the data. The null hypothesis for these
tests is that the data is stationary. If the data turns out to be
non-stationary, the next step is to transform it to achieve
stationarity before further modeling [72]. The results of the
unit root or stationarity test are presented in Table 6. The
unit root test results using the Augmented Dickey-Fuller
(ADF) and Phillips-Perron (PP) methods show that most
variables in this study are not stationary at the level but
become stationary after first differencing. The variables
LNCO,, LNY, LNP, LNSG, and LNIG are not significant at
the level but become significant at the 1% level after first
differencing. Meanwhile, the variables LNFDI, LNEG, and
LNPG are significant at the level and become even more
significant after first differencing.

Empirical Results

The System GMM (One-Step) results in Model (1) show
that an increase in GDP per capita has a statistically sig-
nificant positive effect on CO, emissions at the 5% level.
This indicates that increasing GDP per capita will increase
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Table 6. Unit root test results

Variable Augmented dickey fuller Phillips-perron
Level First difference Level First difference

LNCO, -0.01328 -15.9269*** -0.32705 -24.3342%%
LNY 1.44983 -14.7592%** 1.42439 -19.8488***
LNP 6.76055 -7.63735%** 6.76320 -5.99558***
LNFDI -2.95539%%* -21.6938*** -7.88638%** -31.0757%**
LNIG -1.31639* -16.2449*** -2.92135%%* -22.5276%**
LNEG -2.87490*** -17.3072%** -5.75709*** -27.5009***
LNPG -4.52863*** -19.0307*** -8.41432%%* -26.5086***
LNSG 0.43378 -11.5910%** 0.65713 -20.4595***

Source: Eviews Output, 2024. Significant at 10% (*), 5% (**), 1% (***).

CO, emissions in OIC member countries. This finding is
consistent with Meadows’ sustainable growth theory, which
states that economic growth positively and significantly
affects CO, emissions. It also aligns with the research by
Osobajo et al. [32] and Li and Haneklaus [33]. Meanwhile,
population has a statistically significant negative effect on
CO, emissions at the 10% level, suggesting that an increase
in population will reduce CO, emissions in OIC member
countries. This finding is consistent with the research by
Yang et al. [16] and Wang and Li [41], though it contradicts
the sustainable growth theory, which posits that an increase
in population will increase CO, emissions. The interac-
tion between FDI and CO, emissions shows that FDI has
a statistically significant positive effect on CO, emissions at
the 5% level, indicating that an increase in FDI will lead to
higher CO, emissions in OIC member countries. This find-
ing aligns with the research by Ullah et al. [51] and Huang
[52]. The Globalization Index has a statistically significant
negative effect on CO, emissions at the 1% level, indicating
that an increase in the Globalization Index will decrease
CO, emissions in OIC member countries. This finding is
consistent with the research by Xiaoman et al. [25], Umar
et al. [23], and Muhammad and Khan [63]. Furthermore,
Economic Globalization, Political Globalization, and Social
Globalization have a positive and statistically significant ef-
fect on the increase in CO, emissions, indicating that an in-
crease in these three variables can contribute to the growth
of CO, emissions in OIC member countries.

Model (2) shows the interaction between GDP per capita
and the Globalization Index on CO, emissions. The inter-
action between these two variables has a statistically sig-
nificant negative effect on CO, emissions at the 5% level,
suggesting that their combined effect will reduce CO, emis-
sions in OIC member countries, including the interaction
between GDP per capita and the Globalization Index re-
sults in the Globalization Index having a positive impact
on CO, emissions, which is statistically significant at the
5% level. This finding aligns with the research by Anser et
al. [64] and Mehmood and Tariq [65], which states that an
increase in globalization will lead to higher CO, emissions.
Model (3) shows that the interaction between the Popula-

tion Index and Globalization has a statistically significant
negative effect on CO, emissions at the 10% level, indicat-
ing that their combined effect will reduce CO, emissions in
OIC member countries. Including the interaction between
Population and the Globalization Index causes the Popula-
tion variable to have a positive and statistically significant
effect on CO, emissions at the 10% level. This suggests that
increased population will increase CO, emissions in OIC
member countries. This finding is consistent with the re-
search by Mendonga et al. [15] and Anser et al. [45]. Then,
in Model (4), the interaction between FDI and the Global-
ization Index shows a negative but statistically insignificant
effect on CO, emissions. The interaction causes the Popula-
tion variable and the Globalization Index variable to nega-
tively and statistically significantly affect CO, emissions in
OIC member countries. Meanwhile, Models (1) through
(4) constants show negative values.

The System GMM (Two-Step) results in Table 8 show that
the variable interactions in Model (1) are the same as in
the One-Step GMM, but the constant in Model (1) shows
a positive value. Meanwhile, Model (2) shows a different
interaction with the Population variable, where Popula-
tion has a positive but statistically insignificant effect on
CO, emissions. In Model (3), changes occur in the Popu-
lation, Globalization Index variables, and the interaction
between Population and Globalization Index. Population
and Globalization Index shows a positive but statistical-
ly insignificant effect on CO, emissions. Meanwhile, the
combined effect of the Population and Globalization In-
dex shows a negative but statistically insignificant impact
on CO, emissions. In Model (4), the difference lies in the
combined impact of FDI and Globalization Index, where
the effect becomes negative and statistically significant on
CO, emissions in the Two-Step GMM. This suggests that
the combined impact of FDI and the Globalization Index
will reduce CO, emissions in OIC member countries.

Model criteria tests, such as instrument tests and autocor-
relation tests, are needed to ensure the model's validity. We
use the Sargan [73] test to determine the validity of the
instruments in the model, with the null hypothesis stating
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Table 7. GMM test results (one-step)
Variable (1) 2) 3) (4)
LNCO,, , 0.9296*** 09291+ 0.9282%%* 0.9294%%*
(0.0133) (0.0133) (0.0133) (0.0133)
LNY 0.0234** 8.7011** 0.0238** 0.0237**
(0.0118) (3.7450) (0.0117) (0.0118)
LNP -0.0297* -0.0299* 2.2032* -0.0294*
(0.0157) (0.0157) (1.2328) (0.0158)
LNFDI 0.0065** 0.0063** 0.0063* 0.0921
(0.0032) (0.0032) (0.0032) (0.2535)
LNIG -1.2248%%* 7.4779** 1.0255 -1.1405***
(0.3440) (3.7696) (1.2955) (0.4234)
LNEG 0.4496*** 0.4481%** 0.4452%** 0.4504***
(0.1114) (0.1112) (0.1111) (0.1115)
LNPG 0.4450*** 0.4364*** 0.4321%** 0.4443%**
(0.1258) (0.1256) (0.1258) (0.1259)
LNSG 0.3472%** 0.3391%** 0.3456*** 0.3475%**
(0.0974) (0.0974) (0.0972) (0.0975)
LN(Y*IG) -8.6768**
(3.7445)
LN(P*IG) -2.2322%
(1.2323)
LN(FDI*IG) -0.0857
(0.2536)
Constant -0.1529 -0.1879 -0.1515 -0.1511
(0.2180) (0.2183) (0.2174) (0.2183)
Obs 1419 1419 1419 1419
Sargan (Prob.) 0.1656 0.1821 0.1496 0.1652
Abond (Prob.) 0.7355 0.6702 0.7474 0.7266
FEM 0.8582206 0.8599803 0.8586164 0.8574561
PLS 0.9812088 0.9812486 0.9811302 0.9810241

Source: STATA Output, 2024. Notes: Significant at 10% (*), 5% (**), 1% (***).

that no overidentifying instruments are used. Therefore, the
p-value must be more significant than alpha to accept the
null hypothesis. The results of the Sargan test on all models
in both the One-Step and Two-Step GMM systems show
that the instruments used are valid, with all p-values greater
than alpha. For the autocorrelation test, we use the Arella-
no-Bond [69] test to detect the presence of autocorrelation
in model errors in GMM estimation, with the null hypothe-
sis stating that there is no autocorrelation in the model used.
The p-value must be more significant than alpha to accept
the null hypothesis. The results of the autocorrelation test
on all models also show no autocorrelation, indicating that
all models are consistent and suitable for use. Additionally,
to demonstrate the unbiasedness of the model, the estima-
tion results must lie between the upwardly biased Pooled
Least Squares (PLS) and the downwardly biased Fixed Ef-

fects. The test results show that all GMM model estimates
fall between the PLS and Fixed Effects estimation results,
indicating that all models used are unbiased.

In the aftermath of the COVID-19 pandemic, all countries,
including OIC member states, are working to recover their
declining economies. In 2022, OIC member countries expe-
rienced an increase in GDP per capita to US$12,851, a 10.8%
increase from the previous year [11]. Economic growth in
OIC member countries indicates an increase in economic
activity. The analysis shows that economic growth can lead to
increased CO, emissions. Meadows revealed that massive in-
dustrial expansion often drives a country’s economic growth
[5]. However, industrial growth that relies on fossil fuels can
result in higher CO, emissions, which have severe environ-
mental impacts. Using fossil fuels tends to be more desirable
due to their low cost [74]. To mitigate these impacts, OIC
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Table 8. GMM test results (two-step)

Variable (1) (2) 3) 4)
LNCO2i,t-1 0.9051%** 0.9162%** 0.9083%** 0.9093***
(0.0186) (0.0197) (0.0233) (0.0178)
LNY 0.0332%** 7.1327** 0.0263*** 0.0308***
(0.0094) (2.3748) (0.0068) (0.0103)
LNP -0.0766*** -0.0138 2.1523 -0.0579**
(0.0293) (0.0466) (1.5300) (0.0286)
LNEDI 0.0079*** 0.0083*** 0.0075%** 0.7623**
(0.0013) (0.0014) (0.0012) (0.3609)
LNIG -2.2470%%* 5.0532* 0.5060 -1.7691**
(0.5272) (2.6992) (1.6409) (0.8987)
LNEG 0.6727%** 0.7002*** 0.5237%** 0.7401%**
(0.1489) (0.1969) (0.1618) (0.2390)
LNPG 0.8404*** 0.7472%** 0.5886*** 0.9397*+**
(0.2003) (0.2515) (0.2181) (0.3126)
LNSG 0.6820*** 0.5830*** 0.5215%** 0.7326%**
(0.1640) (0.1826) (0.1425) (0.2345)
LN(Y*IG) 71100
(2.3718)
LN(P*IG) -2.1945
(1.5265)
LN(FDI*IG) -0.7530%*
(0.3605)
Constant 0.1745 0.0023 0.1535 0.3618
(0.2278) (0.2014) (0.2362) (0.3623)
Obs 1419 1419 1419 1419
Sargan (Prob.) 1.0000 1.0000 1.0000 1.0000
Abond (Prob.) 0.8193 0.6737 0.8871 0.7065

Source: STATA Output, 2024. Notes: Significant at 10% (*), 5% (**), 1% (***).

member states need to intensify the shift to renewable ener-
gy by diversifying energy sources, developing green policies,
raising awareness and education, and fostering regional and
international cooperation. Strategies that can be implement-
ed include investment in renewable energy infrastructure,
public-private partnerships, research and development of
clean energy technologies, and supportive regulations.

The population of OIC member countries has increased
significantly over the past 33 years, reaching more than 1.9
billion in 2020, which accounts for 29.2% of the developing
world's population and 24.5% of the global population. Ac-
cording to United Nations projections, this figure is expect-
ed to continue increasing [30]. This population increase
can have both positive and negative impacts on environ-
mental sustainability. The analysis shows that an increase
in population can reduce CO, emissions. Ahlburg et al.
[75] revealed that population growth drives increased ef-
ficiency, economies of scale, and technological innovation.

However, population growth can also positively impact
environmental sustainability, including a decrease in CO,
emissions, provided that it is controlled. Therefore, popu-
lation control policies that lead to sustainable growth must
be strengthened to manage CO, emissions. OIC member
countries should implement effective population control
policies to ensure that population growth does not put ex-
cessive pressure on natural resources and the environment.
Additionally, increasing public awareness through educa-
tional campaigns and training programs on the benefits of
using renewable energy is necessary to maintain environ-
mental sustainability.

The SESRIC report shows that the value of Foreign Direct
Investment (FDI) inflows in OIC member countries was re-
corded at US$ 98 billion in 2020, increased to US$ 138 bil-
lion in 2021, but decreased by 1.7% in 2022 to US$ 135 bil-
lion. This value accounts for about 5.3% of total global FDI,
down from a contribution of about 6.1% in 2018 [11]. The
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data shows that while FDI flows in OIC countries are stable,
their contribution to global FDI is declining. The analysis
shows that increased FDI can lead to higher CO, emissions.
Mitchell [76] explained that a market-based approach to in-
vestment regulation can increase FDI, potentially boosting
industrial activity and CO, emissions. An increase in FDI
can drive industrial growth, including environmentally un-
friendly FDI, potentially leading to higher CO, emissions.
Although FDI flows in OIC countries are relatively stable,
CO, emissions may also remain stable. Mitchell also em-
phasizes the need for regulations to reduce investment in-
centives that could lead to higher CO, emissions [76]. To
effectively reduce CO, emissions, OIC member countries
need to develop regulations that decrease investment in-
centives that increase emissions while providing incentives
for green technologies.

Finally, the COVID-19 pandemic and changes in trade pol-
icies caused uncertainty in global supply chains, resulting
in a decline in globalization within OIC member countries
[77]. Post-COVID-19, OIC member countries reached a
consensus to discuss policies, foster cooperation, and en-
gage in joint problem-solving. This consensus encouraged
OIC countries to plan strategies to harness globalization
and capitalize on new opportunities for sustainable devel-
opment [78]. The consensus highlights that globalization
is vital in industrial development within OIC countries.
Today, globalization drives market expansion, increased
trade, and more excellent production, increasing energy
consumption [79]. Increased globalization, especially with-
in OIC member countries, can catalyze innovation in green
technologies, contributing to reducing CO, emissions.
Therefore, OIC member countries need to enhance inter-
national cooperation by leveraging globalization by trans-
ferring green technologies and sharing knowledge on sus-
tainable industrial practices. OIC member countries should
also devise appropriate strategies to exploit globalization’s
opportunities, including integrating environmental sus-
tainability considerations into development planning.

CONCLUSION

The results of this study show that economic growth can
increase the concentration of CO, emissions in OIC mem-
ber countries. However, the combined effect of economic
growth and globalization shows a statistically negative ef-
fect, indicating that an increase in both economic growth
and globalization results in a decrease in CO, emission con-
centrations. Therefore, there is a need for policies that sup-
port global economic integration in favor of sustainable de-
velopment. Population growth shows a statistically negative
influence on CO, emission concentration. The combined
effect of population growth and globalization also shows a
statistically negative effect on CO, emission concentrations.
This suggests that population growth can reduce CO, emis-
sion concentrations in OIC member countries, which may
be due to effective population control measures. This high-
lights the importance of policies that support sustainable

development. Furthermore, FDI has a statistically positive
effect on CO, emissions, meaning that an increase in FDI
can raise the concentration of CO, emissions in OIC mem-
ber countries. An increase in FDI can lead to the expansion
of industries that are not environmentally friendly, thereby
increasing CO, emissions. Therefore, strict FDI regulations
are needed to control CO, emissions while supporting sus-
tainable development. The interaction between FDI and
globalization shows a statistically negative effect on CO,
emissions. Meanwhile, the globalization index shows a sta-
tistically negative effect on CO, emissions, indicating that
an increase in globalization will reduce CO, emissions in
OIC countries. Conversely, economic, political, and social
globalization each show a statistically positive effect on CO,
emission concentrations.

Based on the findings of this study; it is suggested that fu-
ture research should focus more specifically on analyzing
the economic sectors that contribute most to increased
CO, emissions in OIC member countries. Future research
should also consider the impact of different types of FDI,
such as investments in the energy sector versus manufac-
turing, to understand better how each sector affects CO,
emissions. Additionally, it is vital to explore the role of gov-
ernment policies and existing environmental regulations
in moderating the relationship between economic growth,
globalization, and CO, emissions. Further research could
also examine the role of green technologies introduced
through globalization and FDI and how these technologies
can be optimized to reduce emissions. This study has lim-
itations, mainly related to the data covering only 1992 to
2020 due to limited data sources. As a result, the data may
only partially reflect the long-term dynamics within OIC
member countries. Furthermore, this study has yet to fully
isolate other factors that may affect changes in CO, emis-
sions, such as climate change, energy policy, and changes
in consumer behavior. Therefore, future research should
adopt a more comprehensive approach by considering ad-
ditional relevant variables and utilizing more up-to-date
and detailed data to provide a more accurate picture.
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INTRODUCTION

ABSTRACT

Landfilling is the most common practice used for the disposal of solid waste since it is the
cheapest method of municipal solid waste management. The present study aims to determine
the physical and chemical characteristics of dumped solid waste collected directly from the
Okhla landfill site (New Delhi, India) which has been declared as exhausted in 2018. These
waste samples have been collected having ages beyond 20 years. Further, several laboratory
tests were performed on the samples to investigate parameters namely physical composition,
moisture content, density, optimum moisture content, pH, electrical conductivity, percentages
of carbon (C), nitrogen (N), hydrogen (H), sulphur (S) and C/N ratio. The physical compo-
sition of samples was found to be substantially heterogeneous. The mean values for moisture
content and optimum moisture content were observed as 10.03% and 22.27% respectively.
Moreover, the mean of density, pH and electrical conductivity was obtained as 1323.88 kg/m?,
6.44 and 3.06 mho/cm respectively. On the other hand, the elemental parameters C, H, N, S
mean percentages were evaluated as 5.98%, 0.73%, 0.27% and 0.71%. Consequently, C/N ratio
was evaluated as 23.46 for the samples. These results have also been compared with the MSW
characteristics of Asian countries.

Cite this article as: Alam M, Ahmad K, Alam M. Physio-chemical characterisation of dumped
solid waste. Environ Res Tec 2025;8(1)177-185.

ru etc [2—4]. Moreover, more than 92% of these wastes are
disposed of directly on open dumping sites in an unsecured

Dumped solid waste (DSW) mainly comprises wastes from
households, commercial buildings, offices, institutions,
parks, streets, construction, and demolition sites. Typical
residential and commercial DSWs include clothing, dis-
posable tableware, yard trimmings, cans, office disposable
tables, paper, and boxes, whereas institutional and industri-
al DSWs contain restaurant trash, paper, classroom wastes,
wood pallets, plastics, corrugated boxes, and office papers
[1]. In India, rapid urbanisation, and the shift of population
towards cities has contributed to higher DSW generation in
metropolitan cities like Delhi, Mumbai, Kolkata, Bengalu-

*Corresponding author.
*E-mail address: malam6@ jmi.ac.in

manner [5, 6]. Therefore, waste management has become
one of the strategic agendas of India’s leading mission “Swa-
chh Bharat Abhiyan” Accumulated waste not only affects
the public health and environment but also hamper the in-
dustrial and socio-economic growth of the country [7, 8].

Delhi is a highly urbanized and closely populated metropoli-
tan city that produces about 9000 MT (Metric Tonnes) of sol-
id waste every day which is expected to reach 17000-25000
Tons per day due to rapid industrial development [9-16].
Also, according to Central Public Health and Environmen-
tal Engineering Organization [17] per capita municipal solid

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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waste (MSW) generation in Delhi is about 700 g/day which is
five times the national average. To have an efficient solid waste
management system it is important to initially recognise the
physical and chemical attributes of the waste [13, 18-22].

Across the globe, numerous studies have been presented
on the physio-chemical characteristics of dumped MSW
[22-30, 31]. In general, DSW comprises- recyclable waste
(textiles, plastics, glass, metals etc), organic or compostable
waste (leaves, wood, food, fruit and vegetable peels etc.),
hazardous waste (batteries, medicine etc.) and soiled waste
(diapers, syringe, sanitary napkins, pad etc Among these,
Gomez et al. [22] reported 12% plastic, 16% paper and 48%
organic waste in Mexico City. However, Zhou et al. [30]
found 55.86%, 11.15%, 8.52%, 3.16%, 2.94% and 0.84% of
food residue, plastics, paper, textiles, wood waste and rub-
ber respectively in MSW in China. Chamem and Zairi [26]
found organic waste components between 31-59%, paper
9-10%, textiles 12-16% and plastics, leather and rubber
7-11% in MSW of Gabes City. Saglam and Aydin [31] re-
vealed that MSW generated from educational institutes in
Istanbul contains about 36.4% organics, 24% paper, 14.4%
plastics, 8.1% glass, 4.8% metals and 12.3% miscellaneous
waste. Mushtaq et al. [32] reported a high percentage of or-
ganic waste between 10.3%—68.5%, tailed by recyclable waste
12.3%-15.30%, and inert waste 8.27%—9.10% respectively.
Swales [33] reported that an average MSW sample contained
53.3% of organic matter, 14.7% of plastic, 13% of paper, 4.2%
of glass, 2.7% of metal, 11.6% of others and 0.5% of house-
hold hazardous in Brisbane. Yildiz et al. [27] found that the
moisture content of waste in Turkey, and Istanbul varies be-
tween 46—65%. Furthermore, the chemical characteristics of
MSW include pH, electrical conductivity, carbon (C), nitro-
gen (N), hydrogen (H), Oxygen (O), sulphur (S), Phospho-
rus (P), Chlorine (Cl), C/N ratio etc. Hla & Roberts [29] per-
formed the chemical analysis of MSW in Brisbane, Australia
and measured the presence of C, H, N, O, S and Cl as 52.8%,
6.4%, 1.29%, 31%, 0.18% and 0.73% respectively. Zhou et al.
[30] reported the percentages of C, H, O, N, S, Cl as 2.45%,
0.46%, 4.17%, 0.28%, 0.12% and 0.77% respectively in Chi-
na. Gidarakos et al. [24] determined C, H and N content in
MSW in Crete, Greece as 53%, 7.32% and 1.32% respectively.

On the other side, several works of literature from India on
the physical and chemical characteristics of MSW have also
been testified [6, 13, 34, 35]. The composition of MSW in
Bangalore as reported by Ramachandra et al. [6] states that
paper, metal, glass and organic content were about 12.69%,
1.67%, 0.65% and 81.96% respectively. Also, Mushtaq et
al. [35] identified 12.3-15.3% recyclable waste followed by
10.3-68.5% organic waste in MSW collected from the region
of North-western Himalayas. Thaitame et al. [36] observed
61% of organic waste and the remaining was inorganic waste
in Sangamner City. It has been perceived that organic waste
production is much higher in India (about 40-63% [12]), as
contrasted to other developed countries [3, 20, 37].

Furthermore, the physical analysis of DSW has also been
assessed by [3, 13, 35]. Kumar and Goel [3] reported 42%
moisture content and 58% total solids (20% volatile solids

and 80% fixed solid of total solids). Mushtaq et al. [35] found
average moisture content varied between 47.6-52.40% in
the region of Kashmir.

Also, the chemical analysis of DSW in India has been con-
ducted by [13, 38]. Katiyar et al. [38] stated the following
percentages of C, H, O, N, §, P and Potash in MSW col-
lected in Bhopal- 26.6%, 5.9%, 47.7%, 1.1%, 0.98%, 0.84%
and 0.93% respectively. Also, a C/N ratio equal to 26.6 was
reported. Rana et al. [13] indicated the composition of C,
O, H and N as 34.18%, 11.41%, 4.42% and 1.35% in Chan-
digarh MSW whereas, the same was observed as 33.8%,
10.2%, 4.2% and 1.53% in Mohali and Panchkula, it was
found to be 31.9%, 11.1%, 4.2% and 1.1% respectively.

The composition of MSW changes with time. It has been
testified that in a landfill it takes less than ten years for heavy
metals and several decades for organic pollutants, organic
carbon and nitrogen to get stabilised. These stable landfill
wastes can be used successfully in various construction
works such as subgrade road construction. Therefore, over
the years, these physical and chemical analyses of DSW
need to be conducted for the proper and eflicient operation
of waste management systems.

The present study aims to determine the physical and
chemical characteristics of DSW collected directly from
the Okhla landfill site (New Delhi, India) which was de-
clared as exhausted in 2018. These waste samples have been
collected having ages beyond 20 years. The physio-chemi-
cal analysis of waste is an essential objective and will serve
as the guideline in deciding the waste management tech-
niques by the government. The objectives of the present
study are- (a) to collect the waste directly from the landfill
dumping site, (b) to determine the components of waste
in each sample by segregation, (c) to investigate the phys-
ical characteristics of waste samples, (d) to investigate the
chemical characteristics of the waste samples.

Description of the Site

Okhla landfill site at Okhla Phase - I, New Delhi is situ-
ated close to ESIC hospital. The landfill was authorized in
1996 under the head of South Delhi Municipal Corpora-
tion (SDMC), extending over an area of 56 acres. The site
received 2000 metric tons of waste per day and was an-
nounced exhausted in 2018. Despite this, in the year 2023,
the landfill site is still receiving waste from the regions of
south and central Delhi due to the unattainability of alter-
nate dumping facilities. As a result of which the mountain
of waste is still standing as displayed in Figure 1.

Nevertheless, the government is working in full swing to uti-
lise the decomposed waste (>20 years) as composting mate-
rial, fillers in road construction etc. The work presented here
aims to determine the physical and chemical characteristics of
stable DSW collected from the exhausted Okhla landfill site.

MATERIALS AND METHODS

Sampling of DSW
In this study, DSW of the Okhla landfill dumping site were
collected eight times from different locations of the landfill.
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Figure 2. Quartering technique for sampling of waste.

The sampling of each eight samples was performed using
the Quartering technique [29, 39-42]. In this technique
20kg of each sample was mixed thoroughly, spread on the
ground and quartered approximately. Then one quarter was
selected randomly without being biased as shown in Figure
2. These samples were instantly stored in 5kg plastic bags to
inhibit any susceptible change in moisture level and carried
to the laboratory. The total weight of the collected DSW was
approximately 40 kg.

In the laboratory, these collected waste samples of each
type were correctly weighed again and composite samples
of different samples as per requirement were prepared for
the physical and chemical analysis implying the same quar-
tering technique.

Physical Analysis- Laboratory Testing
The physical analysis of DSW has been carried out by per-
forming several laboratory studies. The physical analysis

includes the determination of physical composition, mois-
ture content, dry density and optimum moisture content
(OMC). The procedures adopted for these tests have been
discussed in the subsequent section.

Determination of Physical Composition

Each composite sample of DSW was spread evenly on a
clean surface and different types of waste were hand-segre-
gated and grouped into combustible and non-combustible
waste categories. The segregated wastes were then weighed
and their respective percentages in each sample type were
evaluated.

Determination of Moisture Content, Dry Density and OMC
The moisture content of each eight samples was deter-
mined using the “Grab sampling without sorting” tech-
nique. Initially, 100g of a composite sample of each type
was taken in triplicate and oven dried at 110°C for 24
hours. The sample was then cooled and the difference in
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Table 1. Physical composition of waste samples I-VIII
Parameters Waste sample
I II III v \Y% VI VII VIII
Physical composition (% by weight)
Combustible waste
Fine waste (<20 mm) 95.00 94.00 93.00 95.00 48.76 68.79 73.07 31.74
Leaves 0.70 0.60 1.70 1.90 0.23 1.15 2.10 4.19
Textile - 2.40 - - 0.03 0.02 1.66 0.09
Wood straps - - - 0.80 0.25 - - -
Broken tiles - - - - 0.20 3.69 6.38 -
Plastic 2.70 1.50 1.30 0.20 8.44 0.19 0.54 4.81
EA. 1.10 1.50 3.10 2.10 42.07 26.08 16.22 51.58
Non-combustible waste
Glass - - 0.90 - - 0.05 0.007 5.62
Metals 0.50 - - - - - - 1.94

the weight of the sample was recorded. The moisture con-
tent (w_) of the samples was calculated using Eq. 1;

Difference in the weight of waste sample
w_(%)=

— - x100 Eq.1
Initial weight of waste sample

The dry density of composite waste samples (I to VIII) hav-
ing natural moisture content was determined according
to the Standard Proctor Compaction procedure. A larger
compaction mould with a 6-inch inside diameter, 6.1-inch
height, with a volume of 1/10 cubic feet with a detachable
collar was used. The initial weight of the mould was record-
ed (say, W). Thereafter, the waste sample was filled up to
the rim of the mould in three layers, compacting each layer
75 times. A 5.5 Ib hammer with a 2-inch face was made to
fall from a height of 12 inches on each of the three layers
of the sample to achieve the desired compaction. Finally,
the weight of the mould along with the compacted waste
sample was measured (say, W,). A similar procedure was
adopted for the remaining waste samples. The dry density
(y_d) of waste samples were calculated using Eq. 2.

(W-W,)

Volume of the mould

Y, (km/m?)= Eq.2

Chemical Analysis- Laboratory Testing

The chemical analysis of DSW has been carried out by per-
forming several laboratory studies following the guidelines
of BIS 9234 [43]. A similar approach to analysis has also
been adopted by [42, 44]. Chemical analysis in the present
study comprises of determination of pH, electrical conduc-
tivity (EC) and elemental analysis.

Determination of pH and EC

The pH of the pulverised waste samples was determined by
mixing each sample in water to obtain a 1:10 solution. The
solutions were allowed to stand for about 2 hours to ensure
maximum dissolution of salts in water. Then pH meter was
dipped in each sample and readings were noted [45].

EC of the samples was determined based on the based on
the calibration of cell with standard 0.1 N KClI solution of
conductivity 14.12 m mhos at 30°C.

Elemental Analysis

Elemental analysis establishes the quantities of carbon (C),
hydrogen (H), nitrogen (N) and sulphur (S) exhibited in
the sample. This evaluation is based on the combustion of
samples in a devoted apparatus recognized as an Elemental
Analyser. After the combustion compound gases having C,
H, N and S elements are liberated and measured using gas
chromatography.

RESULTS AND DISCUSSION
Physical Analysis

Physical Composition

The combustible category comprised nine types of waste
namely, fine waste, leaves, textiles, wood straps, broken
tiles, plastics and F.A (Table 1). In all the samples, fine waste
(soil-like material with particle size <20mm) was found
to be the major component. The percentage of fine waste
varied between 93.00% to 95.00% in samples I-IV whereas,
in samples V-VIII the same was obtained to vary between
31.74% to 73.07% by weight. The second major component
was found to be FEA. whose percentage varied between
1.10% to 3.10% by weight in samples I-IV. However, its per-
centage in samples V-VIII was found to be between 16.22%
to 51.58% by weight. The third major component was plas-
tic found to vary between 0.20% to 8.44% by weight in sam-
ples I-VIII. The other subsequent component was leaves
varied between 0.23%—-4.19% by weight in samples I-VIII.
The textile component was found in samples IT and V-VIII
with its percentage varying between 0.02%-2.40% by mass.
Further, 0.20%-6.38% by weight of broken tiles were found
only in samples V-VII. Moreover, wood straps were found
to be 0.8% and 0.25% respectively in samples IV and V only.
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In contrast, the non-combustible category comprised met-
als and glass (Table 1). Metals were found only in samples I
and VIII as 0.50% and 1.94% by weight respectively. Glass
was found to be 0.90%, 0.05%, 0.007% and 5.62% in sam-
ples III, VI, VII and VIII respectively.

Moisture Content, Dry Density and OMC

The moisture contents in samples [-VIII were calculated
using the relation given in Eq. 1 and were found as 13.90%,
27.60%, 25.50%, 6.80%, 0.61%, 0.79%, 10.15% and 2.91%
respectively. The scatter plot illustrating the variation of
moisture content in each sample is shown in Figure 3, de-
picting a mean value of 11.03%. Saluja et al. [46] also re-
ported an average moisture content of 8.99 £1.6% for a
stabilised landfill site. In contrast, the moisture content in
MSW across various cities in India is found to vary between
46-51% [4, 21, 47] and in Asian countries between 17-65%
[3, 16, 19, 20]. This low percentage of moisture content in
the present case is apparent due to the decomposition and
compaction of the landfill site over time.

Using the Standard Proctors Compaction test the density of
each sample was determined as mentioned in section 2.3.3.
The dry densities evaluated using Eq. 2 are 1250 kg/m’, 1132
kg/m’, 1284 kg/m?, 1219 kg/m’, 1450 kg/m?, 1456 kg/m’,
1406 kg/m’, 1394 kg/m’ in samples I to VIII respectively de-
scribing the average dry density equal to 1323.88 kg/m’* (Fig.
4). However, Hazra and Goel [48] stated the average density
of MSW in Bhopal (India) as 600 kg/m’. But then dry densi-
ty was found to vary between 500—1500 kg/m? in China [49].

In samples I-VIII the OMC was obtained as 23.50%, 30.50%,
18.71%, 22.69%, 21.12%, 18.25%, 23.37% and 20% respective-
ly. Thus, the average OMC in samples was found to be 22.27%
as depicted in Figure 5. Further, Figure 6 illustrates the vari-

Figure 6. Variation of Dry density wrt moisture content for
waste samples I-VIIL
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Figure 7. pH of waste samples I-VIIL

ation of moisture content versus dry density. The peak value
of each curve indicates the OMC of the respective samples.

Chemical Analysis

pH and EC

The pH of samples I-VIII has been observed to vary be-
tween 5.18 and 7.47 as shown in a scatter plot (Fig. 7) in-
dicating 6.44 as the mean value. Further, the EC of each
sample I-VIII varied between 2.41-3.59 mho/cm as shown
in Figure 8. The average EC of samples was found to be 3.06
mho/cm indicative of a great degree of mineralization in
waste samples [50]. Also, Shanthi et al. [42] stated average
pH and EC as 7.25 and 3.74 mho/cm for DSW samples of
the Coimbatore (India) region.

Elemental Analysis
C and H contents are indicators of the level of oxidation
in the waste samples. The percentage of C in I-VIII sam-
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Figure 11. Nitrogen content of waste samples I-VIIL
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Figure 12. Sulphur content of waste samples I-VIII.
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ples varied between 4.92% to 6.79% having a mean value
of 5.98% as illustrated in Figure 9. However, H content in
samples was found to be between 0.634% to 0.794% with a
mean percentage of 0.73% as depicted in Figure 10. Trabelsi
et al. [41] and Saluja et al. [46] reported C% as 6.82% and
3.5% respectively and H% as 1.07% and 0.478% respectively
in the DSW sample of >20-year-old landfill.

N content in eight samples was found to vary in the range
of 0.157% to 3.363% beside the mean percentage of 0.27%
(Fig. 11). Likewise, Saluja et al. [46] indicated 0.13% N
whereas, Trabelsi et al. [41] reported N content as 0.55% in
stable MSW samples. Moreover, the mean S% of eight sam-
ples were observed as 0.71% only which varied in each sam-
ple between 0.598%-0.795% (Fig. 12). Tracing percentage
of S (0.197%) has also been reported by Saluja et al. [46].

The C/N ratio is indicative of rate of biodegradation of waste
in landfills and is inversely correlated. In general, the C/N
ratio of DSW varies between 20-30 for maximum diges-
tion by microbial action [51]. In the present study, the mean
C/N ratio has been obtained as 23.46 (Fig. 13) which is less

Figure 13. C/N ratio of waste samples I-VIIL

than 30, indicative of completely decomposed and stable
waste samples [52]. Also, Trabelsi et al. [41] and Saluja et
al. [46] reported C/N ratio of 12.4 and 36.56 respectively.

CONCLUSION

The present study aims to investigate the physio-chemical
characteristics of DSW samples collected from an exhaust-
ed Okhla landfill site (about >20years old). The following
are some of the major conclusions derived from the study.

i. In all the waste samples fine waste (soil-like material
having particle size <20mm) was obtained to be the
major constituent about 75%. The other combustible
constituents were F.A. > leaves > textile > broken tiles
> wood straps whereas, non-combustible constituents-
metal and glass were found in traces.

ii. The average moisture content of samples was de-
tected to be 11.03%. On the other hand, mean den-
sity and OMC were observed as 1323.88 kg/m’ and
22.27% respectively.
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iii. The pH and EC of the samples were determined as 6.44
and 3.06 mho/cm respectively.

iv. The chemical analysis revealed a good C/N ratio equal
to 23.46 (<30) which indicates that the waste has been
digested and decomposed effectively.

v. Hence, this decomposed waste can be effectively utilised
for construction works such as subgrade in roads, brick
manufacturing etc.

DATA AVAILABILITY STATEMENT

The author confirm that the data that supports the findings
of this study are available within the article. Raw data that
support the finding of this study are available from the cor-
responding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

USE OF Al FOR WRITING ASSISTANCE
Not declared.

ETHICS

There are no ethical issues with the publication of this man-
uscript.

REFERENCES

[1] S. Adhikari, H. Nam, and J. P. Chakraborty, "Conver-
sion of solid wastes to fuels and chemicals through
pyrolysis,” Waste Biorefinery, In T. Bhaskar, A. Pan-
dey, S. V. Mohan, D. ]. Lee, and S. K. Khanal, (Eds.),
Elsevier, pp. 239-263, 2018. [CrossRef]

[2] K. Devi, A. V. V. Swamy, and S. Nailofer, "Munici-
pal solid waste management in India: An overview,"
Asia Pacific Journal of Research, Vol. 1(XXXIX), pp.
118-126, 2016.

[3] K. N. Kumar, and S. Goel, "Characterization of mu-
nicipal solid waste (MSW) and a proposed man-
agement plan for Kharagpur, West Bengal, India,"
Resources, Conservation and Recycling, Vol. 53, pp.
166—-174, 2009. [CrossRef]

[4] K. D. Sharma, and S. Jain, "Overview of municipal
solid waste generation, composition, and manage-
ment in India," Journal of Environmental Engineer-
ing, Vol. 145(3), pp. 1-18, 2019. [CrossRef]

[5] D. Das, M. A. Srinivasu, and M. Bandyopadhyay,
"Solid state acidification of vegetable waste," Indi-
an Journal of Environmental Health, Vol. 40(4), pp.
333-342, 2008.

[6] T. Ramachandra, H. Bharath, G. Kulkarni, and S.
S. Han, "Municipal solid waste: Generation, com-
position and GHG emissions in Bangalore, India,"
Renewable and Sustainable Energy Reviews, Vol. 82,
pp. 1122-1136, 2018. [CrossRef]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

S. M. Al-Salem, A. Al-Nasser, and A. T. Al-Dha-
feeri, "Multi-variable regression analysis for the sol-
id waste generation in the State of Kuwait," Process
Safety and Environmental Protection, Vol. 119, pp.
172—-180, 2018. [CrossRef]

H. Siddiqi, M. Bal, U. Kumari, and B. Meikap, "In-
depth physiochemical characterization and detailed
thermo-kinetic study of biomass wastes to analyze
its energy potential,” Renewable Energy, Vol. 148,
pp. 756—771, 2020. [CrossRef]

M. R. Gidde, K. K. Kokate, and V. V. Todkar, "Mu-
nicipal solid waste management in emerging mega
cities: A case study of Pune City," Proceedings of the
Indo Italian Conference on Green and Clean Envi-
ronment, New Delhi, India: Daya Publishing House,
pp. 441-450, 2008.

B. Gupta, and S. K. Arora, "Municipal solid waste man-
agement in Delhi-the capital of India," International
Journal of Innovative Research in Science, Engineer-
ing and Technology, Vol. 5(4), pp. 5130-5138, 2016.

S. Sahu, S. J. Nair, and P. K. Sharma, "Review on solid
waste management practice in India: A state of art,"
International Journal of Innovative Research and
Development, Vol. 3(3), pp. 261-264, 2014.

M. Sharholy, K. Ahmad, G. Mahmood, and R. C.
Trivedi, "Municipal solid waste management in
Indian cities: A review," Waste Management, Vol.
28(2), pp. 459-467, 2008. [CrossRef]

R. Rana, R. Ganguly, and A. K. Gupta, "Physi-
co-chemical characterization of municipal solid
waste from Tricity region of Northern India: a case
study,” Journal of Material Cycles and Waste Man-
agement, Vol. 20, pp. 678—689, 2018. [CrossRef]

S. Goel, "Municipal solid waste management
(MSWM) in India: A critical review," Journal of En-
vironmental Science and Engineering, Vol. 50(4),
pp. 319-328, 2008.

K. Khajuria, Y. Yamamoto, and T. Morioka, "Estima-
tion of municipal solid waste generation and landfill
area in Asian developing countries," Journal of En-
vironmental Biology, Vol. 31, pp. 649-654, 2010.

K. A. Kolekar, T. Hazra, and S. N. Chakrabarty, "A
review on prediction of municipal solid waste gen-
eration models," International Conference on Solid
Waste Management, 5lconSWM 2015, Procedia En-
vironmental Sciences, Vol. 35, pp. 238-244, 2016.
[CrossRef]

CPHEEQ, "Manual in Municipal Solid Waste Man-
agement. Central Public Health and Environmental
Engineering Organization," Ministry of Urban De-
velopment, New Delhi, 2000.

J. K. Saha, N. Panwar, and M. V. Singh, "An assess-
ment of municipal solid waste compost quality pro-
duced in different cities of India in the perspective of
developing quality control indices," Waste Manage-
ment, Vol. 30, pp. 192-201, 2010. [CrossRef]

G. Singh, Y. Pal, P. Juneja, A. Singh, and R. Ramesh-
war, "Solid waste management scenario of Punjab: a


https://doi.org/10.1016/B978-0-444-63992-9.00008-2
https://doi.org/10.1016/j.resconrec.2008.11.004
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001490
https://doi.org/10.1016/j.rser.2017.09.085
https://doi.org/10.1016/j.psep.2018.07.017
https://doi.org/10.1016/j.renene.2019.10.162
https://doi.org/10.1016/j.wasman.2007.02.008
https://doi.org/10.1007/s10163-017-0615-3
https://doi.org/10.1016/j.proenv.2016.07.087
https://doi.org/10.1016/j.wasman.2009.09.041

Environ Res Tec, Vol. 8, Issue. 1, pp. 177-185, March 2025

184

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

case study," International Conference on Latest De-
velopment in Material, Manufacturing and Quality
Control, 2016.

A. Srivastava, and V. K. Jain, "Study to characterize
the suspended particulate matter in an indoor en-
vironment in Delhi, India," Building and Environ-
ment, Vol. 42, pp. 2046—2052, 2007. [CrossRef]

R. Rana, R. Ganguly, and A. K. Gupta, "An assess-
ment of solid waste management system in Chandi-
garh City, India," Electronic Journal of Geotechnical
Engineering, Vol. 20, pp. 1547-1572, 2015.

G. Gémez, M. Meneses, L. Ballinas, and E Castells,
"Seasonal characterization of municipal solid waste
(MSW), in the city of Chihuahua, Mexico," Waste
Management, Vol. 29, pp. 2018—2024, 2009. [CrossRef]
Y. E. Chang, C.J. Lin, J. M. Chyan, I. M. Chen, and J.
E. Chang, "Multiple regression models for the lower
heating value of municipal solid waste in Taiwan,"
Journal of Environmental Management, Vol. 85, pp.
891-899, 2007. [CrossRef]

E. Gidarakos, G. Havas, and P. Ntzamilis, "Municipal
solid waste composition determination supporting
the integrated solid waste management system in
the island of Crete," Waste Management, Vol. 26, pp.
668—679, 2006. [CrossRef]

D. Komilis, A. Evangelou, G. Giannakis, and C.
Lymperis, "Revisiting the elemental composition
and the calorific value of the organic fraction of mu-
nicipal solid wastes," Waste Management, Vol. 32,
pp- 372-381, 2012. [CrossRef]

O. Chamem, and M. Zairi, "Physical and chemical
characteristics of municipal solid waste in Gabes," in
Recent Advances in Geo-Environmental Engineer-
ing, Geomechanics and Geotechnics, and Geohaz-
ards, Springer, Cham, 2019. [CrossRef]

S. Yildiz, C. Yaman, G. Demir, H. K. Ozcan, A. Co-
ban, H. E. Okten, K. Sezer, and S. Gorene, "Charac-
terization of municipal solid waste in Istanbul, Tur-
key," Environmental Progress & Sustainable Energy,
Vol. 32, pp. 735-739, 2013. [CrossRef]

S. T. Mali, K. C. Khare, and A. H. Biradar, "Charac-
terization of municipal solid waste at landfill, India,"
Waste and Resource Management, Vol. 164(WR4),
pp. 247-255, 2011. [CrossRef]

S.S. Hla, and D. Roberts, "Characterisation of chem-
ical composition and energy content of green waste
and municipal solid waste from Greater Brisbane,
Australia," Waste Management, Vol. 41, pp. 12-19,
2015. [CrossRef]

H. Zhou, A. Meng, Y. Long, Q. Li, and Y. Zhang, "An
overview of characteristics of municipal solid waste
fuel in China: Physical, chemical composition and
heating value," Renewable and Sustainable Energy
Reviews, vol. 36, pp. 107-122, 2014. [CrossRef]

B. Sena Saglam and N. Aydin, "Investigation of waste
characteristics and recycling behaviour at educa-
tional institutes,” Waste Management, Vol. 180, pp.
115-124, 2024. [CrossRef]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

[42]

(43]

(44]

J. Mushtaq, A. Q. Dar, and N. Ahsan, "Physio-chem-
ical characterization of municipal solid waste and
its management in high-altitude urban areas of
North-Western Himalayas," Waste Disposal & Sus-
tainable Energy, Vol. 2, pp. 151-160, 2020. [CrossRef]
L. Swales, "2013 Annual Waste Characterisation
Survey," Waste Minimisation Team, Brisbane City
Council, 2013.

M. K. Jha, O. A. K. Sondhi, and M. Pansare, "Sol-
id waste management - a case study," Indian Jour-
nal of Environmental Protection, Vol. 23(10), pp.
1153-1160, 2003.

J. Mushtagq, A. Q. Dar, and N. Ahsan, "Physio-chem-
ical characterization of municipal solid waste and
its management in high-altitude urban areas of
North-Western Himalayas," Waste Disposal & Sus-
tainable Energy, Vol. 2, pp. 151-160, 2020. [CrossRef]
S. N. Thitame, G. M. Pondhe, and D. C. Meshram,
"Characterisation and composition of Municipal
Solid Waste (MSW) generated in Sangamner City,
District Ahmednagar, Maharashtra, India," Envi-
ronmental Monitoring and Assessment, Vol. 170,
pp- 1-5, 2010. [CrossRef]

R. Srivastava, V. Krishna, and I. Sonkar, "Character-
ization and management of municipal solid waste:
a case study of Varanasi city, India," International
Journal of Current Academic Review, Vol. 2(8), pp.
10-16, 2014.

R. B. Katiyar, S. Suresh, and A. K. Sharma, "Char-
acterisation of municipal solid waste generated by
the City of Bhopal, India," International Journal of
ChemTech Research, Vol. 5, pp. 623-628, 2013.

T. B. Yousuf and M. Rahman, "Monitoring quantity
and characteristics of municipal solid waste in Dha-
ka City," Environmental Monitoring and Assess-
ment, Vol. 135, pp. 3—11, 2007. [CrossRef]

P. Devahi, R. Deendayal, and K. Muthukkumaran,
"Life Cycle Assessment for the Management of
Municipal Solid Waste in Indian Cities," in Trans-
portation and Environmental Geotechnics, K.
Muthukkumaran, D. Rathod, E. Ramani Sujatha, M.
Muthukumar, (Eds.), Springer, Singapore, , Lecture
Notes in Civil Engineering, Vol. 298, 2023. [CrossRef]
I. Trabelsi, T. Matsuto, N. Tanaka, and T. Matsuo,
"Physico-chemical characteristics and stabilization
of about 23 years old landfilled municipal solid
waste," Environmental Engineering Research, Vol.
36, 1999.

P. Shanthi, M. Perumalsamy, and M. Thirumoorthy;,
"Evaluating the physico-chemical characteristics of
municipal solid waste in Coimbatore city, Tamilna-
du," International Journal of Science and Technolo-
gy, Vol. 12, pp. 69-74, 2013.

IS 9234, "Methods for Preparation of Solid Waste
Sample for Chemical and Microbiological Analysis,"
Bureau of Indian Standards (BIS), New Delhi, 1979.
A. D. Bhide, and M. Sunderasan, "Solid Waste Man-
agement in Developing Countries,” INSDOC, New


https://doi.org/10.1016/j.buildenv.2006.03.007
https://doi.org/10.1016/j.wasman.2009.02.006
https://doi.org/10.1016/j.jenvman.2006.10.025
https://doi.org/10.1016/j.wasman.2005.07.018
https://doi.org/10.1016/j.wasman.2011.10.034
https://doi.org/10.1007/978-3-030-01665-4_15
https://doi.org/10.1002/ep.11640
https://doi.org/10.1680/warm.2011.164.4.247
https://doi.org/10.1016/j.wasman.2015.03.039
https://doi.org/10.1016/j.rser.2014.04.024
https://doi.org/10.1016/j.wasman.2024.03.036
https://doi.org/10.1007/s42768-020-00040-1
https://doi.org/10.1007/s42768-020-00040-1
https://doi.org/10.1007/s10661-009-1209-x
https://doi.org/10.1007/s10661-007-9710-6
https://doi.org/10.1007/978-981-19-6774-0_18

185

Environ Res Tec, Vol. 8, Issue. 1, pp. 177-185, March 2025

[45]

[46]

(47]

(48]

Delhi, 1983.

S. M. Monedero, M. Sanchez-Garcia, R. C. Pino, E
Fornes, R. M. Belda, A. Lidon, and M. L. Cayuela,
"Biochar as an additive in composting: impact on
process performance and on the agronomical qual-
ity of the end product,” Acta Horticulturae, Vol.
1317, pp. 175-188, 2021. [CrossRef]

S. Saluja, A. Gaur, and K. Ahmad, "Physico-chemi-
cal characterization of stabilized MSW of an Okhla
landfill," Materials Today: Proceedings, Vol. 44, pp.
4287-4292, 2020. [CrossRef]

R. K. Annepu, "Sustainable Solid Waste Manage-
ment in India," http://www.seas.columbia.edu/
earth/wtert/sofos/SustainableSolid WasteManage-
mentinIndia_Final.pdf Accessed on Dec 29, 2016.
T. Hazra, and S. Goel, "Solid waste management
in Kolkata, India: Practices and challenges,"
Waste Management, Vol. 29(1), pp. 470-478,

(49]

(50]

(51]

(52]

2009. [CrossRef]

Y. M. Chen, T. L. T. Zhan, H. Y. Wei, and H. Ke, "Aging
and compressibility of municipal solid wastes," Waste
Management, Vol. 29(1), pp. 8695, 2009. [CrossRef]

J. N. Hogarh, J. N. Fobil, G. K. Ofosu-Budu, D. Car-
boo, N. A. Ankrah, and N. A. Nayarko, "Assessment
of heavy metal contamination and micro-nutrient
content of composts for environmental pollution
control in Ghana," Global Journal of Environmental
Science, Vol. 2(3), pp. 133-139, 2008.

M. Vochozka, A. Marouskov4, and P. Suléf, "Obsolete
laws: economic and moral aspects, case study-com-
posting standards," Science and Engineering Ethics,
Vol. 23(6), pp- 1667-1672, 2017. [CrossRef]

M. M. Rahmana, M. S. H. Bhuiyanb, M. A. Roufb, R.
R. Sarkerb, and M. H. Rashidb, "Quality Assessment
of Municipal Solid Waste Compost,” Acta Chemica
Malaysia, Vol. 4(1), 2020. [CrossRef]


https://doi.org/10.17660/ActaHortic.2021.1317.21
https://doi.org/10.1016/j.matpr.2020.10.546
https://doi.org/10.1016/j.wasman.2008.01.023
https://doi.org/10.1016/j.wasman.2008.02.024
https://doi.org/10.1007/s11948-016-9831-9
https://doi.org/10.2478/acmy-2020-0006

Environ Res Tec, Vol. 8, Issue. 1, pp. 186-195, March 2025

Environmental Research and Technology
https://dergipark.org.tr/tr/pub/ert

Environmental
Research &Ted:nalngy

DOI: https://10.35208/ert. 1505161

Research Article

Mold development risk assessment in the inner side of a building
envelope under varying climate conditions

Bahar TURK"

Department of Interior Architecture and Environmental Design, Beykent University Faculty of Fine Arts, Istanbul, Tiirkiye

ARTICLE INFO ABSTRACT

Article history
Received: June 26, 2024
Accepted: August 18, 2024

Key words:

Building Materials; Mold
Growth; Relative Humidity,
Temperature, Time Exposure

Mold infestation in buildings can arise due to favorable growth conditions for mold fungi,
posing significant health risks and structural damage. This research aims to understand the
complex transient building physics processes influencing mold development, focusing on the
influence of physical building variables on the transient humidity and temperature behavior of
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growth throughout the materials' service life.
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INTRODUCTION

Mold growth in buildings is a pressing issue that has gar-
nered considerable attention due to its adverse effects on
both human health and structural integrity. Mold can
trigger respiratory problems, allergic reactions, and other
health issues in occupants. Moreover, it can lead to sig-
nificant structural damage, compromising the safety and
longevity of buildings. Understanding the conditions that
foster mold growth is paramount for developing effective
prevention strategies, particularly in the context of varying
climatic conditions [1-3].

Importance of Mold Prevention

The inner side of building envelopes, being less visible and
often overlooked, can become a hotspot for mold growth
if not adequately managed. Factors such as high relative
humidity, fluctuating temperatures, and prolonged expo-
sure to moisture can create an ideal environment for mold
proliferation [4, 5]. To address this, building scientists and

*Corresponding author.
*E-mail address: bahareturk@gmail.com

engineers must consider these variables during the design
and construction phases [6, 7].

Objectivesof The Study
This study aims to extend the knowledge on mold develop-
ment risk by:

1. Assessing the influence of physical building variables
on the transient humidity and temperature behavior of
building components in various climates.

2. Using WUFI to simulate an exterior wall design and
evaluate mold growth risk.

3. Providing insights that can guide the design phase to
minimize the risk of mold growth over the service life
of building materials.

Significance

The outcomes of this research are anticipated to make a
substantial contribution to the field of building science by
offering a widely applicable method for assessing mold risk.

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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This methodology can aid designers and builders in devel-
oping safer, more durable structures by integrating mold
prevention strategies from the initial design phase [8, 9].

Theoretical Framework

This study's theoretical approach is based on building phys-
ics principles, with an emphasis on the complex interactions
of heat and moisture movement within building envelopes.
Understanding these interactions is critical for forecasting
and restricting mold growth, which is affected by several
major factors: relative humidity, temperature, and time ex-
posure [10, 11].

Heat and Moisture Transfer

Understanding the interactions between heat and moisture
within building envelopes is essential for predicting and
mitigating mold growth. Several key processes govern the
movement of heat and moisture through building materi-
als, each contributing to the overall behavior of the building
envelope under different environmental conditions. The
main processes include conduction, convection, radiation,
diffusion, and capillarity [12, 13].

Conduction

Conduction is the process by which heat energy is transferred
through a material due to a temperature gradient. In the con-
text of building envelopes, conduction occurs through the
walls, floors, and roofs as heat moves from the warmer side
to the cooler side. The rate of heat transfer by conduction de-
pends on the thermal conductivity of the materials involved
and the temperature difference across them [14].

Materials with high thermal conductivity, like metals,
transfer heat more efficiently than insulating materials. The
thickness of the material also affects the rate of heat trans-
fer; thicker materials slow down conduction [15, 16].

Convection

Convection involves the transfer of heat and moisture
through the movement of air. This process can occur within
the air spaces of a building envelope or on the surface of
building materials. There are two types of convection: nat-
ural convection, driven by temperature differences causing
air movement, and forced convection, driven by external
forces such as fans or wind [17].

Natural convection occurs due to buoyancy effects where
warmer, less dense air rises and cooler, denser air sinks. Forced
convection is enhanced by mechanical means like HVAC sys-
tems. Convection can contribute to heat loss or gain and in-
fluence moisture levels in building cavities [18, 19].

Radiation

Radiation is the transfer of heat in the form of electromag-
netic waves, primarily infrared radiation. Unlike conduc-
tion and convection, radiation does not require a medium
to transfer heat. In buildings, radiation can occur through
windows, roofs, and walls exposed to the sun or other heat
sources [20].

All objects emit and absorb radiant energy. The amount of
radiation emitted depends on the temperature and surface
properties of the material Reflective surfaces can reduce ra-
diant heat transfer by reflecting incident energy [21, 22].

Diffusion

Diffusion refers to the movement of moisture (water vapor)
through building materials due to vapor pressure differenc-
es. This process is critical in understanding how moisture
migrates through walls, roofs, and floors, and how it can
lead to condensation and mold growth [23].

Moisture moves from areas of high vapor pressure to areas
of low vapor pressure. Vapor permeability of materials dic-
tates how easily moisture can diffuse through them. Proper
vapor barriers can control diffusion and prevent moisture
buildup within the building envelope [24, 25].

Capillarity

Capillarity, or capillary action, is the movement of liquid
moisture through porous materials due to the forces of ad-
hesion, cohesion, and surface tension. This process is sig-
nificant in porous building materials like concrete, brick,
and wood, where moisture can travel upwards against
gravity [26].

Capillary action can transport moisture from the ground
into walls and floors.

The size and connectivity of pores in a material influence
the rate and extent of capillary rise. Proper detailing and
use of damp-proof courses can mitigate capillary moisture
intrusion [27, 28].

Relative Humidity

Relative humidity (RH) is a critical factor in mold devel-
opment. It is defined as the amount of moisture in the air
relative to the maximum amount the air can hold at a given
temperature. High RH levels can lead to condensation on
building surfaces, creating an environment conducive to
mold growth. Laboratory tests have established threshold
values for RH above which mold is likely to develop [29].
Effective moisture control strategies aim to maintain in-
door RH levels below these critical thresholds [30].

Table 1 categorizes the risk levels for mold growth based on
relative humidity percentages. Maintaining RH below 60%
is considered safe, while levels above 80% significantly in-
crease the risk of mold development.

Temperature

Temperature plays a significant role in both the rate of
mold growth and the moisture dynamics within build-
ing materials. Warmer temperatures can accelerate mold
growth by providing favorable conditions for spore ger-
mination and proliferation. Conversely, cooler tempera-
tures can slow down mold growth but do not eliminate the
risk entirely [31]. Temperature also affects the vapor pres-
sure and, consequently, the diffusion of moisture through
building materials [32].
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Table 1. Mold growth risk based on relative humidity Table 3. Time exposure and mold risk

Condition Relative humidity (%)  Exposure time (days) Mold risk level
Safe zone <60 <7 Low

Risk zone 60-80 7-14 Moderate
Critical zone >80 >14 High
Table 2. Temperature Influence on mold growth rate Combined Effects

Temperature (°C) Mold growth rate
0-10 Low

10-20 Moderate
20-30 High
30-40 Very high

Table 2 shows how different temperature ranges influence
the rate of mold growth. Higher temperatures typically re-
sult in faster mold growth, highlighting the importance of
temperature control in preventing mold development.

Time Exposure

The duration of exposure to high humidity and tempera-
ture conditions is another vital consideration. Mold does
not develop instantly; it requires a sustained period of fa-
vorable conditions to grow. Thus, understanding the tran-
sient behavior of humidity and temperature within building
components is essential for accurate risk assessment [33].

Table 3 summarizes the relationship between exposure time
to favorable conditions and the risk of mold growth. Longer
exposure times increase the risk, underscoring the need for
timely moisture control interventions.

In real-world scenarios, these processes do not act in isola-
tion but interact with each other, leading to complex heat
and moisture dynamics within building envelopes. For ex-
ample, solar radiation can increase the surface temperature
of a wall, enhancing conduction and potentially

driving moisture diffusion and convection [34]. Under-
standing these interactions is crucial for accurately pre-
dicting the moisture performance of building materials and
preventing mold growth (Fig. 1) [35].

Practical Implications

Understanding these fundamental processes allows for
the development of effective strategies to manage heat and
moisture within buildings. Key strategies include:

« Material Selection: Choosing materials with appropri-
ate thermal and hygric properties to control heat and
moisture transfer [36, 37].

o Design Considerations: Incorporating features like
vapor barriers, insulation, and ventilation to manage
moisture and heat flow [38, 39].

o Climate Adaptation: Tailoring building designs to spe-
cific climatic conditions to mitigate the effects of local
environmental factors [40].
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Figure 1. Schematic of heat and moisture transfer processes.
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By leveraging the principles of heat and moisture transfer,
building designers and engineers can create more resil-
ient and durable structures that minimize the risk of mold
growth and ensure occupant comfort and health.

Hydro-Thermal Simulation

To analyze the interactions between heat and moisture and
predict mold risk, the study utilizes hygrothermal simula-
tion tools such as WUFI (Warme und Feuchte Instationar).
WUEFI simulates the transient behavior of heat and mois-
ture in building components, allowing for the assessment
of mold growth risk under varying climatic conditions [41].

Modeling Approaches

1. Steady-State Models: These models assume constant en-
vironmental conditions and are useful for understand-
ing basic moisture transport mechanisms. However,
they are less effective for predicting mold growth under
dynamic conditions.

2. Transient Models: These models consider the time-vary-
ing nature of environmental conditions and provide a
more accurate prediction of moisture and temperature
behavior in building components [42].

Previous Studies

Previous research has highlighted the significance of ac-
curately predicting the moisture behavior in buildings to
prevent mold growth. For instance, Sedlbauer (2001) devel-
oped models to predict mold formation on building surfac-
es, emphasizing the need for precise data on humidity and
temperature. Similarly, Wang and Brennan (2004) demon-
strated the importance of understanding the moisture per-
formance of building envelopes to develop effective mold
prevention strategies [43].

MATERIALS AND METHODS

Data Collection

Climate Data involves gathering temperature and humidity
data from reliable sources such as meteorological databases
or climate models. The data should cover various climatic
regions to account for different environmental conditions.
Material Properties: Gathering information on the thermal
and hygric (moisture-related) properties of materials used
in building construction. This includes parameters such as
thermal conductivity, specific heat capacity, water absorp-
tion coeflicient, and vapor permeability.

Model Setup

Wall Assembly Definition: This step involves creating a dig-
ital model of the exterior wall in WUFI. The wall assembly
includes layers of materials such as exterior cladding, insu-
lation, vapor barriers, and interior finishes.

Inputting Material Properties: Inputting the gathered mate-
rial properties into WUFI to accurately simulate how each
material responds to heat and moisture.

Simulation Execution

Running Simulations: Simulations are run for each climate
scenario. This involves setting boundary conditions that re-
flect the exterior and interior climate conditions, such as
temperature, relative humidity, and solar radiation.

Duration: Simulations are often run over extended periods
(e.g., one year) to capture seasonal variations and long-term
trends in temperature and humidity within the wall assembly.

Analysis

Evaluating Results: Post-processing the simulation data to
evaluate how temperature and humidity levels change over
time within the wall assembly. This helps identify periods
and conditions where the risk of mold growth is highest.

Mold Growth Risk: Assessing the risk of mold growth based
on criteria such as the duration of high humidity levels and
temperature ranges conducive to mold development.

Simulation Steps

Climate Data

Profiles: Utilizing temperature and humidity profiles for
different climatic regions, such as hot and humid, cold and
dry, or temperate climates. This ensures that the simulations
are representative of various environmental conditions.

Building Materials

Properties: Inputting detailed properties of commonly used
building materials like wood, concrete, brick, and insula-
tion materials. Accurate data ensures reliable simulation
results.

Design Elements

Wall Assembly Configuration: Configuring the details of
the wall assembly, including the sequence of materials,
thickness of layers, and presence of vapor barriers or in-
sulation.

Insulation Types: Testing different insulation types (e.g., fi-
berglass, foam, mineral wool) to see how they impact mois-
ture and temperature behavior.

Results
Transient Behavior of Humidity and Temperature,

Simulation Data: The results show how humidity and tem-
perature levels within the wall assembly change over time,
illustrating the dynamic response to external and internal
climate conditions.

Critical Periods: Identifying specific times of the year when
the conditions are most favorable for mold growth, such as
prolonged periods of high humidity.

Figures and Tables

Figures 2-4 show relative humidity levels within the wall
over time for different climate scenarios. This helps visu-
alize how different climates affect moisture levels in the
wall assembly.
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Scenario 1: Relative Humidity vs. Time (Moderate Variation)
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Figure 2. Moderate humidity variation.

Scenario 2: Relative Humidity vs. Time (High Variation, Revised)
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Figure 3. High humidity variation.

Table 4 Summarizes the mold growth risk for various build-
ing materials under different climate scenarios. It provides
a clear comparison of how each material performs in terms
of mold resistance.

Scenario 1: Moderate Humidity Variation

o Description: This scenario shows a moderate variation
in humidity levels, fluctuating around an average of 60%.

o Amplitude: The humidity varies by about 10%, ranging
from 50% to 70%.

o Seasonal Peaks: Peaks in the middle of the year, indicat-
ing a higher risk of mold growth during this period.

Scenario 2: High Humidity Variation

o Description: Represents a climate with significant hu-
midity variation, with an average around 50%.

» Amplitude: The humidity varies by about 15%, ranging
from 70% to 90%.

« Phase Shift: The peaks are shifted compared to Scenario
1, showing different seasonal timings.

o Risk Implications: Higher risk for mold growth, requir-
ing advanced moisture control measures.

Scenario 3: Low Humidity Variation

« Description: Shows stable humidity levels throughout
the year, with an average of 55%.

» Amplitude: Small variation of about 5%, ranging from
50% to 60%.

o Risk Implications: Lower risk for mold growth, with sta-
ble conditions posingminimal threat.

These figures help visualize how different climate scenarios
affect moisture levels within the wall assembly, aiding in the
assessment of mold growth risk.

To provide a full analysis, it is necessary to define the mate-
rials used in each scenario. Materials are often chosen based
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Scenario 3: Relative Humidity vs, Time (Low Variation)
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Figure 4. Low humidity variation.

Table 4. Various building materials under different climate
scenarios

Material Climate scenario Mold risk level
Material A Scenario 1 High
Material B Scenario 2 Medium
Material C Scenario 3 Low

on traditional building procedures and their capacity to re-
sist various climate conditions.

Scenario 1: Moderate Humidity Variation

o Exterior Cladding: Brick veneer
 Insulation: Fiberglass batt insulation

« Sheathing: Oriented strand board (OSB)
« Vapor Barrier: Polyethylene sheet

« Interior Finish: Gypsum drywall
Characteristics:

o Brick Veneer: Durable and provides moderate thermal
mass.

« Fiberglass Insulation: Commonly used, provides good
thermal resistance but can be susceptible to moisture.

o OSB Sheathing: Standard sheathing material, has mod-
erate moisture resistance.

« Polyethylene Vapor Barrier: Prevents moisture from
penetrating the wall cavity.

o Gypsum Drywall: Standard interior finish, can be af-
fected by high humidity.

Scenario 2: High Humidity Variation,
o Exterior Cladding: Stucco

o Insulation: Spray foam insulation
o Sheathing: Plywood

o Vapor Barrier: Smart vapor retarder (e.g., MemBrain)

« Interior Finish: Moisture-resistant gypsum board (green
board)

Characteristics:

o Stucco: Breathable material that can handle high hu-
midity but requires maintenance.

o Spray Foam Insulation: Provides excellent thermal re-
sistance and acts as an air barrier.

o DPlywood Sheathing: Higher moisture resistance com-
pared to OSB.

o Smart Vapor Retarder: Adjusts permeability based on
humidity levels, providing better moisture control.

o Moisture-Resistant Gypsum Board: Better suited for
high humidity environments.

Scenario 3: Low Humidity Variation
 Exterior Cladding: Vinyl siding

o Insulation: Rigid foam insulation (e.g., extruded poly-
styrene)

o Sheathing: Fiberboard

« Vapor Barrier: Kraft-faced insulation (integrated vapor
retarder)

o Interior Finish: Standard gypsum drywall
Characteristics:

 Vinyl Siding: Low maintenance and good moisture re-
sistance.

o Rigid Foam Insulation: Provides good thermal resis-
tance and moisture barrier properties.

o Fiberboard Sheathing: Lightweight and has moderate
moisture resistance.

o Kraft-Faced Insulation: Provides some vapor resistance,
suitable for low humidity variations.

o Standard Gypsum Drywall: Commonly used, suitable
for environments with low humidity fluctuations.
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Table 5. The mold growth risk for various building materials under different climate

Material Climate scenario 1 Climate scenario 2 Climate scenario 3
Exterior cladding

Brick veneer Low Medium Low

Stucco Medium High Medium

Vinyl siding Low Low Low
**Insulation**

Fiberglass batt insulation Medium High Medium

Spray foam insulation Low Low Low

Rigid foam insulation Low Low Low
Sheathing

OSB Medium High Medium

Plywood Medium Medium Low

Fiberboard Medium High Medium
Vapor barrier

Polyethylene sheet Low Medium Low

Smart vapor retarder Low Low Low

Kraft-faced msulation Medium Medium Low
Interior finish

Standard gypsum drywall Medium High Medium

Moisture-resistant gypsum board (green board) Low Medium Low

**: Indicates insulation materials, which play a key role in regulating both thermal and moisture behavior of the wall assemblies.

Comparative Analysis of Materials

Scenario 1 materials are chosen for moderate condi-
tions, balancing cost and performance with a standard
moisture management approach.

Scenario 2 materials are selected to handle signifi-
cant humidity variations, emphasizing high moisture
resistance and advanced vapor control to mitigate
mold risk.

Scenario 3 materials are optimized for stable conditions,
focusing on simplicity and cost-effectiveness with basic
moisture control.

By selecting appropriate materials based on the expect-
ed climate conditions, the study aims to minimize the
risk of mold growth and enhance the durability and
safety of building envelopes.

Table 5 is a detailed table summarizing the mold growth
risk for various building materials under different climate
scenarios.

Explanation of Risk Levels:

Low: The material is unlikely to support mold growth
under typical conditions for this scenario.

Medium: There is a moderate risk of mold growth, re-
quiring some moisture control measures.

High: The material is highly susceptible to mold growth
under these conditions, necessitating robust moisture
control strategies.

Key Observations:

Scenario 1 (Moderate Humidity Variation): Most mate-
rials have a medium risk due to moderate fluctuations
in humidity. Standard materials like OSB and fiberglass
insulation show higher risk compared to more resistant
materials like rigid foam insulation.

Scenario 2 (High Humidity Variation): This scenario
presents the highest mold growth risk. Materials such
as OSB, fiberglass insulation, and standard gypsum
drywall are particularly vulnerable, requiring advanced
moisture control and careful material selection.

Scenario 3 (Low Humidity Variation): The stable hu-
midity levels result in generally low mold growth risk
for most materials. Even standard materials perform
well, with minimal need for specialized moisture man-
agement.

Assessing mold growth risk in various materials under
different climates helps designers and builders enhance
building durability and safety.

RESULTS AND DISCUSSIONS

Simulation Setup
The hydro-thermal simulations were conducted on a stan-
dard exterior wall assembly using WUFI software. Key pa-
rameters included:

Climate Data: Temperature and humidity profiles from
hot and humid, cold and dry, and temperate climates.
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Temperature Profile Across the Wall Assembly
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Figure 5. Temperature profile.

o Material Properties: Thermal conductivity, specific heat
capacity, vapor permeability, and moisture absorption
characteristics.

o Boundary Conditions: Indoor conditions maintained
at 20°C and 50% relative humidity (RH), with outdoor
conditions varying based on the climate data.

Temperature And Humidity Profiles

The temperature profile across the wall assembly showed
significant variation between the interior and exterior sur-
faces (Fig. 5). In hot and humid climates, the exterior sur-
face temperature reached up to 35°C during peak summer
months, while the interior temperature remained stable
around 20°C, demonstrating the insulation's effectiveness
in maintaining indoor comfort.

The relative humidity profile indicated higher humidity lev-
els at the exterior surface in humidclimates, often exceed-
ing 80% during peak humidity periods. The insulation layer
showed moderate humidity levels, while the interior sur-
face maintained a constant 50% RH, highlighting the im-
portance of vapor barriers in controlling moisture ingress.

Moisture Content and Mold Growth Risk

The moisture content analysis revealed that the exterior clad-
ding, particularly in humid climates, experienced the highest
moisture content, posing a significant mold growth risk. The
insulation layer, although showing moderate moisture levels,
still presented a moderate risk, emphasizing the need for ef-
fective moisture management strategies (Table 6).

Seasonal Variations

The simulation results highlighted seasonal variations
in temperature and humidity, which directly influenced
the mold growth risk. For example, during the summer
months, higher temperatures and humidity levels at the
exterior surface increased the mold growth risk. In con-
trast, winter conditions with lower temperatures and
humidity levels reduced the risk but did not eliminate
it entirely.

Impact of Material Properties

The choice of materials significantly impacted the hy-
dro-thermal performance of the wall assembly. Materials
with high thermal conductivity, such as metal cladding,
showed greater temperature fluctuations and high-
er moisture content, increasing the mold growth risk.
Conversely, materials with low thermal conductivity and
high vapor permeability, such as mineral wool insulation,
demonstrated better moisture management and lower
mold growth risk.

Table 6. Moisture content and mold growth risk

Material layer Moisture Mold growth
content (%) risk
Exterior cladding 12% High
Insulation 8% Moderate
Vapor barrier 2% Low
Interior finish 3% Low
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Table 7. Recommended design strategies based on simulation results

Strategy Effectiveness Recommendation

Use of vapor barriers High Essential for all climate conditions
High-performance nsulation High Critical in humid and cold climates
Adequate ventilation Moderate to high Important in all climate conditions
Reflective exterior surfaces Moderate to high Recommended in hot climates
Effectiveness Of Design Strategies CONFLICT OF INTEREST

The simulation results validated the effectiveness of various
design strategies in mitigating mold growth risks (Table 7):

o Vapor Barriers: Proper placement and selection of va-
por barriers significantly reduced moisture ingress and
condensation within the wall assembly.

o Insulation: High-performance insulation materials ef-
fectively maintained stable indoor temperatures and
reduced humidity levels, lowering mold growth risk.

o Ventilation: Adequate ventilation in wall cavities and
indoor spaces helped control humidity levels, further
reducing the risk of mold development.

Practical Implications

The findings underscore the importance of considering cli-
mate-specific conditions during the design phase to ensure
the longevity and safety of building materials. By leveraging
hydro-thermal simulations, designers can make informed
decisions about material selection, insulation, and moisture
control strategies, ultimately enhancing building perfor-
mance and occupant comfort.

CONCLUSION

The study demonstrates that hydro-thermal simulations
are highly effective in assessing mold development risks in
building envelopes. By understanding the transient behavior
of humidity and temperature, designers can make informed
decisions to minimize mold growth risks. The findings em-
phasize the importance of considering climate-specific con-
ditions during the design phase to ensure the longevity and
safety of building materials. Hydro-thermal simulations are
crucial in modern building science, providing deep insights
into the interactions between heat and moisture within
building envelopes. By accurately modeling these interac-
tions, hydro-thermal simulations support the development
of resilient, energy-efficient, and healthy buildings. Under-
standing the results of these simulations enables designers
to optimize materials and construction techniques, ulti-
mately leading to cost savings, improved performance, and
enhanced occupant comfort.
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INTRODUCTION

ABSTRACT

This paper examined the efficacies of the electrochemical treatment (E,) technique in the re-
duction of chloride ion (Cl') from saline (salty) wastewaters (brine). Saline wastewaters (Sw)
concentrations between 10 g/l and 40 g/l of Cl- were prepared and subjected to E_ utilising
a locally developed composite carbon-resin (as the anode) and aluminium (as the cathode)
electrodes. E, of the simulated brine was conducted on a laboratory scale. The influence of
selected factors on the efficacy of the E_process was monitored utilising fractional factorial
experiments. These selected factors were optimized using steepest descent technique (between
the minimum and maximum concentrations) and rate change of Cl removal efficacy through
Microsoft Excel Solver. The optimum values of these selected factors were used to purify typ-
ical raw saline water. Efficacies of the E process in removing CI" from the typical raw saline
water was utilised to predict efficacy of the system using typical Cl- concentration in seawater
based on literature, previous and published studies. The study revealed the relationship be-
tween chloride removal efficacy (%), initial concentration of chloride, current through the
wastewater and separation distance between the electrodes were best in the form of exponen-
tials with coefficient of determination of 0.979, 0.920 and 0.977, respectively. The optimum
values of these selected factors such as current, pH, treatment period and separation distance
between the electrode (centre to centre of the electrode) were 10.5 A equivalent to 0.795 A cm-
2, 6.7, 2.75 hr and 42 mm, respectively. It was concluded that E, with composite carbon-resin
electrodes is among effective tools for removing Cl from saline wastewater during E . The
performance of the treatment technique was between 68.52 and 94.82 %.

Cite this article as: Amoko JS, Fehintola EO, Adekunbi EA, Gbadamosi L, Ojo BM, Deme-
hin Al et al. Performance evaluation of a simple electrochemical treatment model for saline
wastewaters: Part A. Environ Res Tec 2025;8(1)196-223.

is not potable. Out of the total remaining volume of water,
2 percent of the earth’s water is glacier ice at the North and

Opverall water available on the Earth as a planet has been es-
timated to be equivalent to 1400x10° km? [1]. This amount
of water on the planet comprises 97 percent of salty water
which is filled with a high concentration of salt and other
minerals. This indicates that 97 percent of the earth’s water

*Corresponding author.
*E-mail address: okeia@hotmail.com

South Poles, which are not accessible and usable [1]. It has
been reported that fewer than 1 percent of Earth’s water is
freshwater, which is accessible for human uses (drinking,
transportation, heating and cooling, industry, and many
other purposes) [2]. With a critical knowledge that water
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is among the primary life force which sustain all the living
animals and plants [3], it is important to protect the quality
of water. It is well established that sources of typical wa-
ter (ground and surface) are facing critical deterioration in
qualities due to various activities of man such as industrial-
ization, agricultural practices, urbanization, and the relent-
less expansion of population [3]. This critical deterioration
in qualities is aggravated by environmental adjustments
and geological moves. Documents and researches have
been revealed that aquatic environments are daily threat-
ened by releasing large amounts of synthetic pollutants and
industrial chemicals such as arsenic compounds [4], ioniz-
able aromatic pollutants [5], arsenic and chloride contained
materials [6, 7], zinc oxide nanocomposites [8], cationic
and anionic dyes [9], ciprofloxacin antibiotic [10], tannery
industry, and pharmaceuticals such as cefazolin antibiotic
and personal care products [11], Bisphenol A, nonylphe-
nols, benzophenones, and benzotriazoles [12]. Among
the mentioned pollutants, CI', which is widely utilised as
a preservative and stabilizer or antioxidant for many types
of plastics (polyvinyl chloride), must be removed from the
environment such as water to make it potable [13]. Brine
and saline water can be toxic and harmful to the aquatic
animals and environment due to the presence of high salin-
ity and other chemical substances [14], which indicates that
these type of water and wastewater must be treated. Saline
water or brine treatments using adsorption, electrochemi-
cal, membrane and electrodialysis are most promising al-
ternatives to seawater treatments and brine disposal. These

treatments techniques give an output that reduce the envi-
ronmental pollution materials and environmental friendly,
production of freshwater with extraordinary recovery and
minimization of solid or liquid wastes volume [14].

In summary, electrochemical, jon-exchange, reverse os-
mosis membrane, distillation, adsorption and electrodial-
ysis processes have been identified to be effective for the
reduction of Cl', but some of these processes such as reverse
osmosis membrane, distillation and ion-exchange are not
cost-effective treatment processes and produce secondary
wastes [4—-9]. Some of these conventional treatment pro-
cesses for the reduction of Cl' from water and industrial
wastewaters have other critical disadvantages [8-11]. Ap-
plication of the adsorption process only transfers the target
pollutant from the liquid phase to the solid phase such as
nanoclay [15]; pretreated dried activated sludge [16] and
other adsorbents [17]. Over the past few decades, electro-
chemical treatment technology has attracted great atten-
tion among many researchers as an advanced and emerging
treatment technology for water and wastewater treatment
[18]. Figure 1 presents publications on electrochemical
treatment techniques in selected countries between 1977
and 2022. Electrochemical treatment techniques are electri-
cal and voltage-driven technologies that have been utilised
successful in saline water and brine desalination [19-167].
The treatment technique is based on the selective transpor-
tation of ions in aqueous solutions or electrolyte and utilises
an applied electrical voltage gradient, difference, or slope
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Figure 1. Publications on electrochemical treatment technique from selected countries between 1977 and 2022 (Source: Luciano

etal. [131]).
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to drive anions and cations in opposite directions to the
electrode. E uses electric current and electrodes to neu-
tralize and aggregate pollutants and contaminants in water
and wastewaters [18-21]. Although, Advanced Oxidation
Processes (AOPs) are also highly effective for degrading
recalcitrant organic pollutants in water and wastewater
treatment, E processes are adaptable and can be tailored
to various types of water and wastewater, addressing spe-
cific treatment needs to meet regulatory requirements
[21-41, 112]. E_ often complement traditional treatment
methods, enhancing overall system performance [41-62].
E, is relatively inexpensive due to its lower equipment and
maintenance costs and because no additional chemicals
are required [131].The category and treatment of water
and wastewater using E,, are controlled by several factors,

which include nature, and size of reactive species to be gen-
erated in E_ processes the type of the treatment technique,
electrode or electro catalyst materials, water or wastewater
composition, water or wastewater pH settings, and oper-
ational constraints [19-170]. E, can be inform of any of
these treatment techniques [19-167]:

i.  Electrocoagulation: This process uses electric current
to dissolve metal electrodes, which produces coagu-
lants in situ that neutralizes and aggregates the con-
taminants. Wide range of pollutants can be reduced
and removed from wastewater using this technique.
These pollutants are usually negatively charged such as
microorganisms, inorganic colloidal particles, cyano-
bacteria, organic bacteria and clay [36—58]. Figure 2a
presents a typical setup for electrocoagulation.
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ii.

The

Electrooxidation: The process allows the passage of
electric current and a chemical reaction in which an
atom or a molecule losses electron or electrons. At
the anode (made of the catalytic material needed for
conversion) the movement of electrons or molecules
allows for oxidation of the pollutants. These oxidation
processes can be anodic oxidation where pollutants are
oxidized directly on the electrode or indirect oxidation
by generation of oxidizing species or agents. The prin-
ciple of the process can be in the form of [39-71]:

a. Anodic Oxidation: It is possible at low potential
differences. The main set back of the process is that
the process allows deposition of polymeric layer on
the surface of anode, which reduces electrical con-
ductivity.

b. Indirect Oxidation: In this process there is no di-
rect electrons transfer between the anode and the
organic matter, which prevents the fouling of anode
due to organic particulate.

process is based on the principle that oxidization of

pollutants is conducted in the aqueous solution through
oxidizing agents [39-71].

iii.

iv.

Vi.

Electro-flotation: The process uses electrolytically
generated gas bubbles, which are typically hydrogen
and oxygen to float and separate suspended solids or
particles. It is a gravity separation process. The process
is cost effective process for the separation of many in-
organic and organic pollutants. The process removes
hydrophobic ions from aqueous solutions [79-88].

Electrodialysis: This technique utilises ion exchange
membrane for the separation of pollutants and electro-
lytes from the wastewater and water. The process uses
an electric field to drive ions through selective mem-
branes, thus separate the pollutants from wastewater
and water. It is based on the principle of potential gra-
dient technique or method. It helps to select the ions
to pass through the membranes. The main require-
ment for the process is direct current and ion exchange
membranes (anion exchange membrane and the other
is cation exchange membrane). The selection of the
membrane is based on the function and the purpose of
usage [104—-145]. Figure 2b shows an arrangement of
electrodialysis treatment process.

Electrochemical Advanced Oxidation Processes:
Electrochemical Advanced Oxidation Processes is
a combination of electrochemical methods and ad-
vanced oxidation processes to generate highly reactive
species that degrade pollutants [46-51].

Electrochemical Reduction: The process involves re-
duction reactions at the cathode to remove pollutants
or convert pollutants into less harmful substances. [29—
35]. In this process one or more electron of an atom
or molecule is deposited on the surface of the cathode
due to passage of electric current in the electrochemi-
cal system. Electrochemical reduction can be used for
removal of organic and heavy metals such as Pb, Hg,

Vii.

viii.

ix.

Xi.

Xii.

and similar metals. The system is cost effective, but the
process efficiency is very sensitive to wastewater com-
position or ingredients.

Electrochemical Desalination or Capacitive Deion-
ization: The process uses electrochemical techniques
or methods to remove salts from water, either through
capacitive deionization or through other electrochem-
ical means. It uses direct current power source. In the
process current passes through saline water. The ions
in the solution are absorbed at cathode and anode. Fi-
nally, the ions are de-absorbed form electrodes. This
technique is use for the purification of saline water and
brackish desalination [24-29]. Figure 2c presents typi-
cal arrangement of capacitive deionization systems.

Electrochemical Peroxidation: This process is combi-
nation of electrochemical oxidation and hydrogen per-
oxide generation in the process to enhance treatment
efficacy [31-35].

Electrochemical Disinfection: The process utilises elec-
trochemical techniques to incapacitate microorganisms
in wastewater and water. The process is more efficient
method than the conventional chemical disinfection
techniques or method. The technique works on the prin-
ciple of the anodic generation of strong oxidizing agents
such as O,, O,, and hypochlorite during water electroly-
sis [56]. Categories of electro-disinfection are as follows:

a. Electro-disinfection using oxygen gas: The tech-
nique involves formation of anodic oxygen that has
capacity of killing germs to some extent. It is usually
recommended for the removal odour of water.

b. Electro disinfection using chlorine gas and hypo-
chlorite ions: The process involves activated chlo-
rine for killing the bacteria, fungi, and spores.

c. Electro disinfection using O,: The technique has
high oxidation potential and diffusion through the
cell walls of microorganisms [20-35].

Photoelectrochemical Treatment: This technique
combines photocatalysis and electrochemistry for pol-
lutant degradation using light and electrochemical re-
actions [24-35]. Figure 2d shows the arrangement of
photoelectrochemical treatment system.

Electrochemical Membrane or Electro-Filtration
Processes: This process integrates electrochemical
methods with membrane filtration to enhance separa-
tion and degradation of contaminants. It is used for the
removal of solid suspended particles. This is upgraded
by using an electrical field across it for removal of dis-
solved organic carbon [16-30].

Electrodeionzation: This method mainly utilises semi-
permeable membranes and ion exchange method for
wastewater and water purification. The technique has
specific semipermeable membranes that allow electri-
cally charged ions to pass through. It is used for high
purity of water [130-131]. Figure 2e show a setup of
electrodeionzation treatment system.
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xiii. Electro Floto coagulation: This technique is combi-
nation of electrical charges, gas flotations and coagula-
tion process. It is especially deals with the particle size
[69-71].

xiv. Photo Electro Catalysis: It is a process in which cat-
alyst and light are utilized for the acceleration of the
chemical reaction. Catalyst activities are accelerated
by utilising light irradiation or solar. The technique
efficiently treats wastewater and water containing in-
organic ions, organic compounds reduction and for
disinfection. The process is based on the principle of
photoexcitation. Degradations of organic compounds
by this technique are due to simultaneous actions of
light and potential difference between the electrodes
during the treatment time [130-131].

xv. Son electro Catalysis: In this, techniques sound waves
having frequency 20kHz to 10°kHz utilised for treat-
ment of wastewater and water through the series of
compression and rarefaction cycles, causing the pres-
sure zone in the medium. One of the key set back of
this technique is the polarization and passivation of
electrodes due to the reduced mass transfer. In the
process gas accumulate at electrode, which resulted
in depletion of pollutants to the surface of electrodes
boundary layer (Due to polarization). Accumulation of
reactants at electrodes critically result in poor efficien-
cy (Passivation) [134-145].

xvi. Electro-Fenton Process: The process involves elec-
trochemistry and Fenton reaction. It is an advance
oxidation process, which is based on radical reactions.
The process has been used for the removal of organic
pollutants such as pesticides, pharmaceuticals, phenol,
dyes, and phenolic compounds. Electro-Fenton pro-
cess can be carried out in the cells that can be divided
by cation exchange membrane or by not dividing the
cell with membrane [51].

xvii.Electro-sorption: The process involves combination
of electrochemical and adsorption processes. In the
process, the electrodes are passive in nature and par-
ticles from the electrodes or electrode’s surface act as
an adsorbent to adsorb the adsorbates which are the
pollutants. [150—167]. Figure 2f show a setup of elec-
tro-sorption treatment system.

In electrochemical treatment of water and wastewater, elec-
trodes play a critical role in driving electrochemical reac-
tions and end-products. Selection of electrode significantly
influences the performance and efficiency, operational cost,
longevity and durability of the treatment process [102—170].
Literature listed some of the main categories of electrodes
(passive and active or sacrificial) in use as follows: graph-
ite; titanium; titanium coated with mixed metal oxides;
Boron-Doped Diamond; stainless steel; Platinum-Coated;
Iron and Aluminum Electrodes; Carbon Felt and Carbon
Cloth Electrodes; Lead Dioxide (PbO,) Electrodes, Nick-
el and Nickel-Based, Zinc and Zinc-Based, and Polymer
Composite Electrodes. There are three types of electrode ar-

rangements (Fig. 2g) for electrochemical cells: monopolar-
parallel, monopolar-series, and bipolar-series [1-95, 131].

Criteria and factors for the selection of any electrode during
the treatment processes are as follows [1-170]:

a) Electrode Material: Must be conductive and compati-
ble with the specific treatment process.

b) Durability, effectiveness and Corrosion Resistance: Im-
portant for longevity and cost-effectiveness.

¢) Initial and operational Costs: Balance between perfor-
mance and budget.

d) Electrocatalytic Activity: Determines efficiency in gen-
erating desired radicals or intermediates

e) Environmental Impact: Toxicity and disposal consider-
ations.

With reference to the urgent needs for sustainable devel-
opment goals, based on relationship between economy, en-
vironment, society and poverty eradication [171], sustain-
able water and wastewater management, the importance
and performance of E techniques in removing pollutants
from aqueous solutions, there is a critical need to further
evaluate the efficacy of E_ in reducing Cl from salty water,
which is common as sea water. The main objectives of the
current study are to evaluate the efficacy of E process (util-
ising carbon- resin and aluminium electrodes) in removing
Cl from salty (saline) water, optimise selected operational
factors, utilising the optimum values of the selected oper-
ational factors for the treatment typical raw saline waste-
waters with critical focus on Cl" removal and simulate the
treatment performance.

MATERIALS AND METHODS

All chemicals and reagents used in this research study had a
chemical purity of 95% or above. Distilled water was used in
the preparations of primary and secondary standard solu-
tions. All equipment used in the experiments were calibrat-
ed and the coefficient of determinations of these calibra-
tions (relationship between expected and obtained values)
were 96 % or above. This section is breakdown as follows:

a. Materials: Development and properties of fabricat-
ed composite Carbon (graphite) - Resin electrodes.
Carbon (graphite) - resin electrodes were prepared,
developed and established from wasted dry cells (dry
cells were used based on availability as household solid
waste at no additional cost). The discarded dry cells (D
R,, UM ) were collected from different dumpsite loca-
tions in Nigeria. These collected cells were segmented
and carbon (graphite) were removed from these cells,
crushed and powdered. Powdered carbon was separat-
ed into different particle sizes using British Standard
particle sizes. A fixed amount by weight of the pow-
dered carbon was mixed with resin (organic binder),
and moulded into 25- millimetre diameter, 100-milli-
metre long electrode using a fabricated extruder and
plunger, and a compaction machine. Microstructures
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and Energy Dispersive Spectroscopy of the developed
Carbon-resin electrode were monitored to ascertain
the composition of the electrode using a scanning
electron microscope (Carl Zeiss Smart Evo 10 of sec-
ondary electron imaging detector, system vacuum of
89e06Torr and WD of 9.14mm at different magnifica-
tion). Details of the preparation, development, physical
and chemical properties of the electrodes were doc-
umented in previous studies such as Oke [172, 173];
Oke et al. [174-176]; Oke et al. [177]; Oke et al. [178];
Oke [179], Oke et al. [180]; Oke and Ogedengbe [181];
Olayanju et al. [182] and Oke et al. [183].

Design and Development of Electrochemical Facility
(Electrolysing Equipment): Electrolysing equipment
was designed and developed from local materials to
convert alternating current to direct current [184]. The
design, development, fabrication procedure, perfor-
mance and properties of the device are as presented in
previous publications such as Oke [172] and Oke and
Ogedengbe [185].

Preparation of Synthetic Saline Wastewater: Ana-
lytical Sodium Chloride (60.0 grams) was dissolved in
1000 ml of distilled water as a stock solution and work-
ing salty wastewaters were prepared from the stock.
The synthesised chloride wastewaters (between 10 g/l
and 40 g/1) were prepared utilising procedures and
methods specified in the Standard Methods for Water
and Wastewater Examination such as APHA [186] and
Van Loosdrecht et al. [187].

Laboratory Setup and Electrochemical Treatment
of synthesised chloride wastewaters (Desalination
Experiments): Salty wastewaters were subjected to
E, utilising developed carbon-resin (anode) and al-
uminium (cathode) electrodes in a 2000 ml reactor.
electro-coagulation and electro-oxidation based on
two types of electrodes (aluminum and graphite) The
choice of electrode impacts the effectiveness of water
and wastewater treatment systems, influencing opera-
tional costs, treatment efficiency, and system durability.
Fehintola et al. [188] presents the laboratory setup of
the E_ of the simulated wastewaters.

Experimental Study of Operational Factors that af-
fects the performance of Electrochemical: The influ-
ence of selected factors (separation distance between
the electrodes, volume of the wastewater used, applied
current, flow rate, pH, depth of the electrode, initial
concentration of the Cl- and contact surface area of the
electrode used) on the efficacy of E_ process were mon-
itored utilising fractional factorial experiment and op-
timised utilising combination of steepest and Microsoft
Excel Solver techniques. Fehintola et al. [188] presents
the standard fractional factorial experiments and the
factors. The selection of the Microsoft Excel Solver was
based on the availability of the software at no addition-
al cost (available in all Microsoft Excel packages). Solv-
er is an Add-in for the Microsoft Excel packages which
are typically not enabled during the initial installation

of Microsoft Office (Excel). The procedures required
in using Microsoft Excel Solver can be summarized
as indicated in Fehintola et al. [188]. The choice of
these factors to be studied was based on the theoretical
data about several factors that determine the perfor-
mance of an electrochemical treatment process and the
knowledge concerning carbon-resin and aluminium
electrodes [102-170].

f.  Analysis of Chloride concentrations and Computa-
tion: Chloride determinations in both raw and treat-
ed brine were conducted utilising the argenotometric
method specified in APHA [186]. Chloride concentra-
tion was calculated using equation (1) as follows:

(A-B)N,P,
V. i

N

CI (mg/1)=35450 ( (1)

Where; N stands for normality of Silver Nitrate used, P1
stands for dilution factor; Vs stands for volume of sample
used (ml), A stands for volume of the titrate used for the
sample (ml), Cf stands for calibration factor and B stands
for volume of the titrate used for the blank (ml). Efficiencies
of the process were based mainly on pollutant (chloride) re-
moval (Y,%), which was computed using equation (2). The
choice of the argenotometric and instrumentation methods
was based on accuracy, type of wastewater (clear aqueous
solution) and availability of required reagents.

(C,C) )
C

0

Y=100 ( )

Where: C_ stands for initial chloride concentration of the
synthetic wastewater (mg/l). Ct stands for final chloride
concentration of the synthetic wastewater (mg/l) and Y
stands for chloride removed (%) at optimum values of the
selected operational factors. These selected operational fac-
tors were optimised using steepest descent and rate change
in the efficacy of the technique. Optimum values of the
selected operational factors were utilised to purify typical
raw saline water. The efficacies of the system with typical
raw saline water were utilised to simulate efficacy and per-
formance in typical seawater with chloride concentration
of 31000 mg/1 with reference to Akindahunsi et al. [189];
35.3779 g/l of chloride ion based on Thabit et al. [190];
41.80 g/l based on Mehan-Martes and Mertel et al. [191]
and 43.6995 g/l of chloride ions based on Lior and Kim
[192]. Figure 3 presents the flow chart of the procedures
used in the utilization of Microsoft Excel Solver.

RESULTS AND DISCUSSION

Results from this study are presented as follows:

a) Development, Properties, and Stability of the
electrodes

The study established that electrical resistance per unit
length, density and stability of composite carbon-resin
electrode are functions of the following factors particle
size, compressive pressure and percentage composition of
the binder. Density of the electrode increased from 1.26 to
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Figure 3. Flow chart of the step required in utilization of Microsoft Excel Solver.

1.65 gecm™ when carbon particle size ranged from 245 to
45x10°m at 60 MNm™ applied compressive pressure and
declines from 1.86 to 1.65 gcm™ with a range of applied
compressive pressure from 100 to 60 MNm. Electrical re-
sistance per unit length was established to increase with cu-
mulative portion of binder and declines with increasing in
applied compressive pressure. The stability of the composite
electrode was of increasing order with cumulative applied
compressive pressure and declines with increase in current

density and carbon particle size [175]. Estimated costs re-
vealed that cost of producing composite carbon-resin elec-
trode was cheaper ($13.25 m™) than that of heat-treated
electrodes ($33.33 m™) [179].

More on the properties of this composite carbon-resin elec-
trode can be established in literature such as Oke [172; 173];
Oke et al. [174, 176]; Oke et al. [177]; Oke et al. [178]; Oke
et al. [180]; Oke and Ogedengbe [181]; Olayanju et al. [182]
and Oke et al. [183].



203

Environ Res Tec, Vol. 8, Issue. 1, pp. 196-223, March 2025

Zeiss SmartEDX Wz

EDS Spot 2 Mag 1000 Amp Time(ps): 7.68  Resolution:(eV) 128.5
(b) £.3UK
657K
sal €0 Element Weight % Atomic %
CK 3827 48.12
i | oK 547 4764
11.26 424
“es 78
ZeiSS SmaﬂEDX kV:20  Takeoff: 357 Amp Time(ps): 7.68  Resolution:(eV) 128.5
EDS Spot 4 Mag: 1000 Live Time(s): 20
(d) 189K Smart Quant Results
" Element Weight% Atomic % NetInt. Error % R A
) CK 100.00 100.00 5768.44 853 0.9446 0.2657

147K

12.6K

105K

Takeoff: 357  Live Time(s) 20

65 78

Figure 4. (a) The major constituents of the graphite resin electrode at spot 2. (b) The Result of zeiss smart EDX for spot 2. (c) The
major constituents of the graphite resin electrode at spot 4. (d) The result of zeiss smart EDX for spot 2.

b) Scanned Electro Magnetic and Energy Dispersive
Spectroscopy of the electrodes

Figure 4a-c and d provide the major and key configurations
of the selected spots in graphite (carbon) resin electrode.
The figure shown that the main components of the elec-
trode are Carbon (between 38.27 % and 100 %) Oxygen
(50.47 %) and Calcium (11.26%). The result specified the
occurrence of Carbon and Oxygen at spots 2 and 4, as the
highest composition of the developed carbon-resin elec-
trode. The occurrence of these two components (carbon
and oxygen) can be accredited to the organic binder used,
powdered graphite used and likely trapped Oxygen during
missing processes. This result of the composition revealed
that removal of chloride may be attributed to adsorption
by the pores and conversion of some of the components to
calcium, carbon and oxygen end products such as Ca(O-
Cl), and CaCl,. Figure 5a-c and d show and establish the
Scanned Electro Magnetic (SEM) structures of the elec-
trodes at various magnification of 100, 250, 500 and 750.
From these figures, it is clearly showed that the powdered
particles of the powdered carbon electrode were closely
parked and porosity is very low. This lower porosity can be
attributed to a lower concentration of binder, higher com-
pressive pressure and nano-particle sizes utilised in the de-
velopment of the carbon-resin electrode stated in Oke et al.
[178]. The figures established that there are two categories
of pore with reference to the nature of the pores (contin-
uous and separated or standalone pores). The continuous
pores have the tendency to accommodate more concentra-

tion of particles at the same time, while standalone adsorb
different concentration of particles at different time.

c) Development and Performance of the electrolysing
Equipment

The performance of the fabricated equipment converting
(electrolysing equipment) alternating current to direct current
was 95 % and above. The results of the performance were com-
pared with similar imported equipment and analysed statisti-
cally using analysis of variance, total error, coefficient of deter-
mination, and model selection criterion. The results of total
error, coefficient of determination and model selection crite-
rion analysis were 22.8, 0.244, and 3.312 and 24.3, 0.243 and
3.066 for locally developed and imported electrolysing equip-
ment respectively. The results analysis of variance indicates that
there was no significant difference between the two equipment
(locally developed and imported electrolysing equipment) at a
95 % confidence level. Detailed data are available in Literature
such as Oke [172], Oke and Ogedengbe [185].

d) Desalination of Synthetic Salty Water and Effects of
Selected Operational Factors on the Performance

The study established that the maximum values the perfor-
mance of the system occurred with 94.82% removal of chlo-
ride concentration when the surface area of the composite
carbon resin electrode was 19.64 cm?, the flow of the waste-
water was 2.0l/hr, the treatment time of 4.0 hr and the cur-
rent flow through the wastewater was 10.0 A (higher factorial
factor levels), which indicated that these mentioned factors
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Figure 5. (a) Scanned electro magnetic (SEM) structures of the electrode at 300 pm. (b) Scanned electro magnetic (SEM) struc-
tures of the electrode at 100 um. (c) Scanned electro magnetic (SEM) structures of the electrode at 100 pm. (d) Scanned electro

magnetic (SEM) structures of the electrode at 40 pm.

had positive influence on the performance of electrochem-
ical treatment of the wastewater. It was revealed that during
the treatment process. The lowest value of the performance
of the process occurred with 68. 52% removal of the chloride
by the treatment process. This level of performance occurred
when the initial concentrations of chloride was 40x10° mg /1,
the separation distances between electrodes was 10.0 cm, the
depth of the electrode was 1.0 cm and pH was 10.0 (higher
factorial factor levels), which meant that these latter men-
tioned selected factors contributed negatively to the perfor-
mance of the treatment process. The cations moved toward
the negatively charged cathode, while anions moved toward
the positively charged anode. The outcome is the separation
of concentrated brine aqueous solutions and freshwater.
The detailed efficacy of the E process in the current study
is presented in another paper specifically such as Oke [172];
Oke et al. [184] and Fehintola et al. [188]. The electrolysis
chemistry of the reactions at the developed carbon-resin
electrodes and solution are as follows [21, 112, 137]:

Anode: 2CI'—Cl +2¢ (3)
Cathode: 2H,0+2¢’—H,+20H" (4)
In solution: Cl+H,0A HOCI+Cl +H" (5)
HOCIA H+OCl (6)

Dissociation constants

[HOCI] [CI]

=———=2x10"*
K cl, *
[H*] [OCI] .
=—— =2x10™" at 0°C
K="mocy  ~=1° ¢
Loss reactions at:
Anode:

60CI" +3H,0—2CL+4Cl +6H" +§ O,+6e”
Cathode:

2H,0— O4H"+4e
OCI'+H,0+2¢—ClI'+20H"
Solution:
2HOCI+OCI—ClO;+2CI 2H*
2CIO"—0,+2Cr

H +OClI'—H,0+Cl"

Other likely reactions:
Mg*+20H —Mg[OH],
Ca**+20H —Ca[OH],
X"*+nOH —X[OH]

7)

(8)

)

(10)
(11)

(12)
(13)
(14)

(15)
(16)
(17)
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Figure 6. (a) Relationship between surface area of the electrodes in the wastewater and performance of the electrochemical
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Figure 7. (a) Relationship between current flow through the wastewater and performance of the electrochemical treatment
process using steepest descent technique. (b) Relationship between change in the current flow through the wastewater and per-
formance of the electrochemical treatment process using steepest descent technique.

e) Optimisation of the Selected factors in the Desalination
of Salty water and Simulated Performance

Figure 6a presents relationship between surface area of the
developed carbon-resin electrodes in the wastewater and ef-
ficacy of the E process utilising steepest descent technique.
The figure establishes that there is an exponential relation-
ship, which is a positive indicating that surface area of the
developed carbon-resin electrode increases the efficacy of E,
process. The figure revealed that at higher surface area of the
developed carbon-resin electrode in the wastewater efficacy of
E, process improves greatly. Figure 6b provides information
on the optimization and efficacy change in the process due
to variation in the surface area of the developed carbon-resin
electrode. The figure revealed that the optimum surface area
of the developed carbon-resin electrode was 13.2 cm? of 2000
ml of the wastewater. The relationship between the surface
area of the radius and the depth can be expressed as:

S=IIr2+Ilrd, (18)

Where; de stand for the depth of the electrode in the waste-
water; rc represents the actual radius of the electrode and S_
stands for the contact surface area of the electrode. The rate
change in the contact surface area can be expressed as follows:

o8 )=~ (Tr2+T1r d ) + = (Tr2+Tr d) (19)

Mishra and Ram [193] stated that steepest descent technique
is among the conventional, oldest, and well-establish explore
techniques for decreasing multivariable unrestricted optimi-
zation challenges. This technique has performed a vital role
in the advance of progressed optimization algorithms. The
technique is a first-order derivative numerical and iterative
optimization algorithm that convergence or divergence is
linear for a situation of quadratic functions. More of steepest
descent technique can be established in literature such as ef-
ficient numerical method in Wu et al. [194]; numerical tech-
nique for multicriteria optimization highlighted in Bento et
al. [195]; numerical technique Variable Order Vector Optimi-
zation Problems documented in Wang et al. [196]; numerical
technique for mining signal transduction network available
in Bello et al. [197], numerical technique optimization of
mechanical systems in Haug et al. [198] and numerical tech-
nique for multicriteria optimization Bento et al. [199]. The
observation is similar to previous researches and studies such
as Alam et al. [35] statement on treatment on saline wastewa-
ter, Korbahti [200] observation on optimization of E_ of tex-
tile dye wastewater, Szpyrkowicz et al. [201] conclusions on E
of tannery wastewater and Deng et al. [202] on the efficacy of
E, of nitrogen- containing organic wastewater by iron filings.

Figure 7a presents relationship between current flow
through the wastewater and efficacy of the E, process util-
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ising steepest descent technique. The figure establishes that
there is a positive relationship, which is exponential form
between the flow and efficacy of the process, which indi-
cate that current flow through the wastewater increases
the efficacy of E process. This positive relationship can be
attributed to further influx of chloride ion and flocs forma-
tion of the pollutant. The figure revealed that at higher cur-
rent flow through the wastewater the efficacy of the system
improves greatly. The observation is similar to previous re-
searches and studies such as Alam et al.[35] statement on
treatment on saline wastewater, Tulin and Serdar [203] ob-
servation on efficacy of electrooxidation- E, of container
washing wastewater, Lyvia [204] conclusion on influence
of current density of electro-bioreactor treatment on re-
duction of phosphorus and micropollutants, and reduc-
tion or elimination of fouling, Feng et al.[205] on efficacy
of two new E_ systems for wastewaters and Li and He [206]
on optimizing the efficacy of a membrane bio- E . Figure
7b provides information on the optimization and effica-
cy change in the process due to variation in the surface
area of the developed carbon-resin electrode. The figure
revealed that the optimum current flow through the waste-
water was 10.5 A of 2.0x10° millilitres of the wastewater,
which is equivalent to current volumetric of 5.25x10° A
per ml and a current density of 0.795 A per cm?, which
is greater than 30 A per m? as minimum value stated in

previous researches and studies such as Phalakornkule et
al. [207], Acosta-Santoyo et al. [208] and Korbahti [200].

Figure 8a presents relationship between initial concentration
of chloride ions in the saline wastewater and efficacy of the
E, process utilising steepest descent technique. The figure
establishes that there is a negative exponential relationship,
which indicates that initial concentration of Cl" decline,
increases the efficacy of E process. This efficacy can be at-
tributed to higher concentration load of chloride available
at a given time than other times and lower contact area and
current at present. The figure revealed that at higher initial
concentration of Cl in the saline wastewater, efficacy of the
E, system declines greatly. Figure 8b provides information
on the optimization and efficacy change in the process due to
variation in the initial concentration of chloride ions in the
wastewater. The figure revealed that the optimum initial con-
centration of Cl in the saline wastewater was 27.5 g/l. This
behaviour of Cl reduction is described by the complex com-
position of the initial concentration of Cl in the saline waste-
water and the low contribution of both direct and indirect
electro-oxidation and electro-adsorption mechanisms [208].

Figure 9a presents relationship between flow rate of the
wastewater and efficacy of the E_ process utilising steep-
est descent technique. The figure establishes that there is
an exponential relationship, which is positive indicating
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Figure 10. (a) Relationship between pH of the wastewater and performance of the electrochemical treatment process using
steepest descent technique. (b) Relationship between change in the pH of the wastewater and performance of the electrochemical
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Figure 11. (a) Relationship between treatment time of the wastewater and performance of the electrochemical treatment process
using steepest descent technique. (b) Relationship between change in the treatment time of the wastewater and performance of
the electrochemical treatment process using steepest descent technique.

that flow rate of the wastewater increases the efficacy of E
process. The figure revealed that at higher flow rate of the
wastewater, the efficacy of E system improves greatly.

These results, finding and observation of optimum initial
concentration is similar to 31000 mg/1 based on Akinda-
hunsi et al. [189]; 35.3779 g/l of chloride ion based on
Thabit et al. [190]; 41.80 g/l based on Mehan-Martes and
Mertel et al. [191] and 43.6995 g/1 of chloride ions based
on Lior and Kim [192]. These optimum concentrations
of saline wastewater are functions of locations, nature of
the process and other critical factors. In addition, the ob-
servation is similar to previous studies such as Alam et
al.[35]; Korbahti [200]; Isaac et al.[209]; Garcia-Seura et
al. [210]; Ensano et al. [211] and Meng et al. [212]. Figure
9b provides information on the optimization and effica-
cy change in the process due to variation in the flow rate
of the wastewater. The figure revealed that the optimum
flow rate of the wastewater was 1.89 I/hr of the wastewater.
This behaviour of flow rate of the wastewater is explained
by the complex flow rate of the wastewater, availability
and accessibility of the initial concentration of Cl in the
wastewater, mixing phenomenon and the contribution of
both direct and indirect electro-oxidation, electrocoagu-
lation and electro-adsorption mechanisms.

Figure 10a presents relationship between pH the wastewa-
ter and efficacy of the E_process utilising steepest descent
technique. The figure establishes that there is a negatively
expressed exponential relationship, which indicates that
an increase in the pH declines the efficacy of E, process.
The figure revealed that at higher pH of the wastewater, the
efficacy of E, declines or decreases greatly. Figure 10b pro-
vides information on the optimization and efficacy change
in the process due to variation in the pH of the wastewa-
ter. The figure revealed that the optimum pH of the sa-
line wastewater was 6.7. Tulin and Serdar. [203] reported
that higher pH of wastewater required low retention time
of operation and lower pH value required high detention
time to perform the efficacy. Figure 11a presents relation-
ship between treatment time of the wastewater and effica-
cy of the electrochemical treatment process utilising steep-
est descent technique. The figure establishes that there is
a positive exponential relationship, which indicates that
treatment time of increases the efficacy of electrochemical
treatment process. This observation agrees with literature
and previous studies [203]. Figure 11b provides informa-
tion on the optimization and efficacy change in the process
due to variation in the treatment period of the wastewater.
The figure revealed that the optimum treatment time of



Environ Res Tec, Vol. 8, Issue. 1, pp. 196-223, March 2025

208

(a) 2000
89.00 &
W Sy =350.937e 80
i
L 8
2 R 20,976
e
L
S
3 _7’7\
e
o
& 2
o 2 3 3 S 10 2
Scparation Distance {cm)

(b) oece

y = 0.0032x* - 0.0708x? + 0.4979x - 2.1775

R®50.387 i
A 8 T

Rate of Chloride Removal (%)
S
®
8

Separation Distance between the Electrode (cm)

Figure 12. (a) Relationship between separation distance between the electrodes in the wastewater and performance of the elec-
trochemical treatment process using steepest descent technique. (b) Relationship between change in the separation distance
between the electrodes in the wastewater and performance of the electrochemical treatment process using steepest descent

technique.

the wastewater was 2.75 hours. Tulin and Serdar [203] re-
ported a treatment time of 300 minutes (5 hours) for con-
tainer washing wastewater at pH of 3.0 and 120 minutes
for the same wastewater at pH value of 5.0.

Figure 12a presents relationship between separation dis-
tance between the electrode in the wastewater and eflicacy
of the electrochemical treatment process utilising steep-
est descent technique. The figure establishes that there
is a negatively response- exponential relationship, which
indicates that separation distance between the electrode
declines the efficacy of E process. The figure revealed
that at higher separation distance between the electrode
in the wastewater, the efficacy of the system declines or
decreases greatly. Figure 12b provides information on the
optimization and efficacy change in the process due to
variation in the separation distance between the electrode
in the wastewater. The figure revealed that the optimum
separation distance between the developed carbon-resin
electrodes in the wastewater was 42 mm centre to centre
of the aluminium cathode of 20 mm diameter and car-
bon-resin anode of 25 mm diameter. Phalakornkule et al.
[207] obtained 8.0 mm as optimum distance between the
electrodes, contact time of at least 5.0 minutes and current
density of at least 30 A per m? for the treatment of reactive
blue 140 utilising iron anode. Obijole et al. [213] obtained
a mathematical representation that correlates resistance of
an aqueous solution (Rc), the distance or separation space
between the developed carbon-resin electrodes during
electrochemical treatment of wastewater (X ), and electri-
cal conductivity of the aqueous solution (E ) as follows:
RC+XE)

RC
Where; rc stands for the radius of the cylindrical electrode
in the wastewater.

R= R, |
C—FC n (7)

Although, optimization of E salty is limited in literature,
but the results were similar to optimization of electro-
chemical removal of cefazolin antibiotic from hospital
wastewater [12], arsenate from aqueous solution by elec-
tro-coagulation [38], arsenic removal from groundwater
samples utilising iron electrocoagulation treatment [39],

optimization of arsenic removal from potable and drink-
ing water by electrocoagulation treatment [49]; arsenic
treatment utilising technology of electrocoagulation [58];
arsenite reduction from groundwater samples in a batch
electrocoagulation treatment process [61] and optimiza-
tion of the electrocoagulation treatment process for the
reduction of lead from water samples [47]. It is like opti-
mization of the adsorption of a textile dye onto nano-clay
utilising a central composite design [15] and optimiza-
tion of electrocoagulation treatment process for efficient
reduction of ciprofloxacin antibiotic utilising iron elec-
trode; kinetic and isotherm studies of adsorption [11]. In
line with the efficacy, Feng et al. [202] reported that 4 m?
per hour flow rate of E system was established to reduce
between 87% and 91% of Total-Phosphorous, between
74% and 96% of Total-Nitrogen, within 70 % and 94 % of
NH4-N, between 88 % and 91 % of Total Organic Carbon
and between 75 % and 87% of Chemical Oxygen Demand.

Similarly, for the same wastewater at a flow rate of 0.5 m’
per hour, the system attained between 62 % and 90 % of To-
tal-Phosphorous, within 83 % and 92 % of Total-Nitrogen,
between 90 % and 100 % of NH4-N, and between 75 % and
83% of Total Organic Carbon, with between 80 % and 100 %
of Chemical Oxygen Demand. Acosta-Santoyo et al. [207]
documented that the efficiency of oxyfluorfen degradation
by electro-oxidation treatment process increases with cur-
rent density meanwhile the degradation of Total Organic
Carbon follows an opposite trend. This behaviour or efficacy
is explained by the complex composition of the initial sample
and the contribution of both direct and indirect oxidation
mechanisms. Alam et al. [35] documented that the effect of
current density on efficacy of E, of wastewaters is considered
a significant process constraint as it rules the coagulant dos-
age, which based or related to faradays first and second laws
and hydrogen gas as an end product in the system. In ad-
dition, reduction of pollutants growths with the intensifica-
tion of current density as it produces further flocs because of
quicker anodic dissolution. Koérbahti [200] reported that the
optimized situations under specified cost driven constraints
in the E of textile dye wastewater were attained for the high-
est desirability at 6.7 mA cm?, 5.9 mA cm™? and 5.4 mA cm?
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Figure 14. Simulation of typical raw saline wastewater utilising optimum values of operational factors based on Akindahunsi

et al. [189].

current density and 3.1 gL', 2.5 g L' and 2.8 g L' supporting
NaCl concentration. Szpyrkowicz et al. [201] showed that
selectivity of the removal of deferent pollutants was affect-
ed by current density which direct anodic oxidation as an
additional process for the destruction of the selected pol-
lutants. The efficacy of the electrochemical of typical raw
saline wastewater of 45000 mg/l ranges from 19% after 1.0
hour treatment to 85.9 % after 9 hours of treatment. Figure
13 present the efficacy of the system in respect of treatment
time. Simulation with a sequence batch reactor revealed that
first sequence ended at 6345 mg/l of NaCl at 9 hours, second
sequence ended at 5450 mg/l of NaCl at 9 hours of treatment,
third sequence ended at 768.5 mg/I of NaCl and fourth se-
quence ended at 108.4 mg/l of NaCl. Salt and high concen-
trations of dissolved solids in water in the leachate of urban
sanitary landfill sites, surface runoff, contaminated ground-

water, and the wastewaters subsequent from recycling units
of gas, mining operations and oil industries [214]. Figures
14-17 present the efficacy of the system in respect to simulat-
ed process. These figures revealed that at least second batch
sequence treatments are required for seawater. Figure 14 re-
vealed the system require at least two sequences or two treat-
ment systems in series for the seawater (Atlantic ocean) from
Nigeria, with 4371.00 mg/l and 616.31 mg/1 for first and sec-
ond sequences, respectively. Figure 15 revealed the system
require at least two sequences or two treatment systems in
series for the seawater from Qatar, with 4988.28 mg/l and
703.35 mg/1 for first and second sequences, respectively. Fig-
ure 16 revealed the system require at least two sequences or
two treatment systems in series for the seawater from Spain,
with 5893.80 mg/l and 831.03 mg/I for first and second se-
quences, respectively. Figure 17 revealed the system require
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Figure 16. Simulation of typical raw saline wastewater utilising optimum values of operational factors based on Melian- Mar-

tel et al. [191].

at least two sequences or two treatment systems in series for
the seawater, from United States of America with 6161.63
mg/l and 868.79 mg/l for first and second sequences, respec-
tively. These sequence treatments are commonly experienc-
es, which make electrochemical treatment applicable as an
advance treatment or for polishing treated water [215-240].
Further information on electrochemical treatment toward
perfecting water treated water can be established in litera-
ture such as Liu et al. [241], Xiao et al. [242]; Kakavandi and
Ahmadi [243]; Jeddi et al. [244]; Zhang et al. [245]; Yun and
Redzwan [246]; Jamal and Pugazhendi [247]; Shahata and
Urase [248]; Lu et al. [249]; Ahmad et al. [250]; Eom et al.
[251]; Huang et al [252]; Paredez et al. [253]; Jorfi et al. [254];
Maharaja et al. [255]; Formentini-Schmitt et al. [256]; Dolt-
abadi et al. [257]; Ahmadi et al. [258] and Myint et al. [259].

CONCLUSION

It can be concluded based on the study that:

a. The electrochemical treatment with carbon-resin and al-
uminium electrodes is a direct electrolysis of saline or sea
water, which reduce the concentration of chloride to an
acceptable level with two or more sequence treatment,

b. The optimum values of these selected factors such as
current, pH, treatment period and separation distance
between the electrode (centre to centre of the electrode)
were 10.5 A equivalent to 0.795 A cm™, 6.7, 2.75 hr and
42 mm (centre to centre of the developed carbon-res-
in electrodes equivalent to 19.5 mm space between the
electrodes), respectively,
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Figure 17. Simulation of typical raw saline wastewater utilising optimum values of operational factors based on Lior and

Kim [192].

c. The process is limited to high concentration of salt such
as chloride and dissolved solids, treated with graph-
ite-resin and aluminium electrodes,

d. The challenges of the process include cathode passiva-
tion, periodic replacement of sacrificial anodes, the need
for post-treatment due to high metal-ion concentra-
tions, and high power-consumption costs in areas with
limited access to electricity, optimization of operating
conditions of electrochemical to achieve both low power
consumption with adequate and high removal efficiency,

e. Future perspectives, utilisation of hypochlorite solu-
tions by direct electrolysis of saline or sea water to de-
crease marine progress is significantly more suitable
safer and appropriate exploring the techno-econom-
ic feasibility of electrochemical treatment with other
treatment techniques,

f.  The recommendations from this study include identifi-
cation of energy pathways and energy application and
management of hybrid electrochemical treatment sys-
tems; focus efforts on the effective removal of emerging
pollutants from the environment utilising hybrid elec-
trochemical treatment systems.
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INTRODUCTION

ABSTRACT

Industrial symbiosis (IS) is a collaborative strategy where companies share services and physical
resources. This promotes resource efficiency and reduces the environmental impact of industri-
al activities within a network. IS offers numerous benefits, including: (1) reduced greenhouse
gas emissions through energy savings, process improvements, and fuel substitution, (2) lower
energy costs, (3) less waste sent to landfills, (4) decreased use of virgin materials, (5) minimized
transport and logistics costs, (6) lower environmental impact, (7) reduced pollution, (8) de-
creased water consumption, (9) reduced hazardous waste, (10) economic benefits from waste
valorization (adding value), (11) easier compliance with environmental regulations. Consum-
ing large amounts of resources (raw materials, water, electricity, etc.) and generating significant
solid, liquid, and gaseous waste, industries in Tiirkiye and Denmark have increasingly adopted
IS to optimize their systems and address sustainability concerns. Concerted efforts over the last
decade have advanced IS practices, particularly in process sectors such as chemicals and manu-
facturing. This study aims to shed light on the current implementation of sustainable practices
within the industrial landscapes of these two countries, focusing on key IS initiatives.

Cite this article as: Ulusoy K, Dogan-Saglamtimur N, Ciner F, Sternik A, Sekula PM. Industrial
symbiosis practices: A case study of Tiirkiye and Denmark. Environ Res Tec 2025;8(1)224-233.

(Fig. 1) and 169 targets to be met by 2030 by the Member
States. Agenda is a plan that implements actions for people,

Driven by the use of, among others, conventional energy
sources, our planet's health has gradually deteriorated. The
modern world now faces many problems arising from past
unsustainable practices. One major challenge is the energy
crisis, where non-renewable energy sources will be depleted
in the coming decades. This will lead to rising energy pric-
es, disrupting the global market and making it difficult for
low-income populations to afford it. These are just a few of the
challenges facing the modern world [1]. The current situation
was the reason for concluding the 2030 Agenda for Sustain-
able Development (2015) by United Nations (UN). The docu-
ment presents the 17 Sustainable Development Goals (SDGs)

*Corresponding author.
*E-mail address: neslihandogansaglamtimur@gmail.com

planet, and prosperity. It also focuses on cooperation between
countries and spreading peace efforts around the world. UN
adds that by following the three pillars of sustainable devel-
opment (social, economic, environmental), human life and
the health of our planet will significantly improve [2]. Indus-
trial symbiosis (IS), which focuses on the flows and networks
among industrial organizations and aims to build synergistic
solutions among resource users and contribute to responsible
production and consumption, is an integral part of Sustain-
able Development Goal 12 under the heading "Responsible
Production and Consumption” that promotes resource effi-
ciency and sustainable industrial infrastructure [3].
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Figure 1. The SDGs [4].

IS is a collaborative and sustainable methodology that
brings together multiple sectors and businesses to maxi-
mise resource use, minimise waste and improve overall eco-
nomic and environmental outcomes. The idea emphasises
the interconnectedness of industrial processes, the partner-
ship here being biologically derived from the term 'symbi-
osis', creating a system where the by-products of one entity
become useful inputs for another, reducing environmental
impact and advancing circular economy ideas.

IS could be defined as a situation when the waste or residu-
als of one entity are transferred to another for utilization in
production processes. It is achieved through collaboration
between entities for mutual economic and environmental
benefits through the exchange of by-products [5]. IS, which
is a well-known process, attempts to minimize energy loss-
es by establishing an interconnected network in which ma-
terials are constantly circulated. The primary goal is to re-
duce the negative environmental impact while limiting raw
material extraction. It also reduces the growing need for
landfill waste disposal. The key principle of IS (Fig. 2) is the
physical exchange of materials, energy, and water between
two or more companies, turning what is normally seen as
waste into a resource.

Ehrenfeld and Gertler [6] have described the Kalundborg IS
in Denmark as one of the most prominent cases. This case
study illustrates how symbiotic relationships can lead to the
effective use of resources and the elimination of waste by
examining the growing interdependence between compa-
nies in the Kalundborg region. Around the world, efforts of
a similar nature have been modeled after the Kalundborg IS.

Boons and Roome [7] look at the link between learning
and sustainable development within the broader frame-
work of sustainable development. Although not exclu-
sively focused on IS, their research provides a conceptual
structure for understanding the role of education in culti-
vating sustainable behavior—an idea essential for the im-
plementation of IS projects.

Chertow's [8] research, which provides a thorough overview
of IS and insights into its literature and taxonomy, is a sem-
inal work on the subject. The study highlights the essential
components of symbiotic relationships, emphasizing the
sharing of resources and energy between industries to create
partnerships that benefit all parties. The author emphasizes
how IS can reduce resource depletion and environmental
degradation, which can support sustainable growth.

Symeou and Rossos [9] conducted a thorough literature
analysis to analyze the incorporation of IS into planning
frameworks and to understand its formation in urban and
regional planning. Their study highlights the importance of
government support and strategic planning while shedding
light on the opportunities and difficulties of integrating IS
concepts into broader sustainability initiatives.

These references offer a comprehensive overview of IS, in-
cluding theoretical foundations, real-world applications,
and contributions to sustainable development.

Over the last few decades, the negative environmental im-
pacts of increased urbanisation and industrialization, as well
as the intensive use of land and natural resources, have led to
a growing interest in the concepts of IS and energy efficiency
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and their potential in terms of environmental, economic,
and social aspects. Energy-intensive industries are eager to
introduce measures to reduce their energy and resource con-
sumption. Smart waste management and efficient water re-
cycling are important complementary measures to improve
the efficiency and reduce the environmental impact of pro-
duction processes. Although IS and energy efficiency case
studies have increased over the past decades [10], this trend
has only recently increased due to the attention and commit-
ment to sustainability regarding energy consumption. high
quality and increasing waste/by-product production [1].

IS is a circular economy strategy (Fig. 2) in which the waste
and residues of one or more companies become the resource
inputs of another company. It is often found in industrial
parks that foster innovation and business collaboration.
Municipalities can support the growth of IS, thereby con-
tributing to the achievement of carbon reduction goals and
reducing resource needs. At the same time, cities can attract
businesses, create jobs, increase tax revenue, reduce waste
management costs, and promote themselves through IS [5].

The joint sharing of resources such as energy, material
by-products, waste, and water is the focus of IS [10]. Eco-
nomic and environmental benefits have been central con-
cepts of IS [12] since its inception. According to the widely
accepted definition of IS, the economic, environmental, and
social benefits arising from the exchange of materials and
other shared resource flows between and within industries
are numerous [13].

Ensuring prosperity in both developed and developing
countries requires a comprehensive approach that inte-
grates social, environmental, and economic development.
This integration, exemplified by the concept of sustain-
able development, is increasingly prioritized, particularly
in developed nations. IS is emerging as a crucial approach
contributing to sustainable development, highlighting the

social and economic impacts of environmental progress.
IS not only addresses industry-related environmental is-
sues but also yields economic and social benefits. Through
fostering partnerships, IS promotes cooperation and team-
work, enhancing both environmental and economic per-
formance. This collaborative approach, known as co-pro-
duction, not only improves environmental sustainability
but also enhances competitiveness. Thus, IS stands as one
of the most effective practices in addressing contemporary
issues such as “resource efficiency, conservation of natural
resources, and environmental awareness” [14].

The eco-industrial park concept is a novel and sustainable
approach to industrial growth, aiming to integrate social,
economic, and environmental concerns. These parks are
designed to encourage collaboration amongst sectors that
share a site in order to reduce waste, improve resource ef-
ficiency, and decrease environmental impact. Important
features of eco-industrial parks include the formation of
circular material flows, shared infrastructure, and the ex-
change of materials and energy. The concept aligns with the
principles of industrial ecology by highlighting the inter-
connectedness and interdependence of industrial systems.

IS, the subject of important studies in the literature, has
been applied in various countries and sectors and social,
economic and environmental contributions have been ob-
tained. Studies on the development of IS have been carried
out in specific sectors, such as chemicals [15] and ener-
gy-intensive production [16], and in various countries, such
as Brazil [17], China [18] and Portugal [19]. Most of the IS
practices around the world involve (i) reduction of water
consumption, (ii) recovery and treatment of wastewater,
(iii) reduction of waste and use of waste as raw material,
and (iv) waste to energy and use of waste heat from various
processes for heating purposes. Examples of important ap-
plications in related areas [20-24] are given in Table 1.
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Table 1. Some important examples about IS activities

Country Sector IS activities Reference
France Biorefinery Energy and material recovery from water, district heating [20]
Italy Tannery industries Establishing shared facilities among similar firms, such as wastewater treatment, [21]
energy and material recovery, waste minimization, and biogas plants.
Mexico Petrochemical Major infrastructure (wastewater treatment and material recovery) [22]
South Korea Petrochemical, Energy and material recovery from water and use of reclaimed water through shared [23]
chemical, and reclamation plant
metallurgical
Tanzania Farming, ethanol ~ Partnership for the production of raw materials from waste, material recovery, waste [24]

distillery, energy

minimisation and service network sharing and optimisation

In addition to important examples from around the world,
this study aims to compare two countries with different
characteristics. These countries are Denmark, which is
known for its IS applications, and Tiirkiye, which has a
high potential. The choice of Denmark and Tiirkiye as focal
points for IS in this manuscript stems from a nuanced con-
sideration of various factors that promise a rich and com-
prehensive exploration. Denmark, known for its advanced
sustainability practices and commitment to renewable en-
ergy, offers a compelling case study of IS in a highly devel-
oped and environmentally conscious context. On the other
hand, Tirkiye, with its burgeoning economy and diverse
industrial landscape, provides a fascinating contrast and an
opportunity to examine the applicability and adaptability
of symbiotic practices in a dynamic and emerging market.
The geographical and economic differences between Den-
mark and Tiirkiye provide a unique lens through which
to analyze the impact of IS in regions with different chal-
lenges and opportunities. Furthermore, the different regu-
latory frameworks, environmental challenges and cultural
contexts in these countries contribute to a holistic under-
standing of the complex interplay between industry, envi-
ronment and policy. By selecting Denmark and Tiirkiye,
this manuscript aims to provide insights that are not only
locally relevant but also globally significant, contributing
to the broader discourse on sustainable industrial practices
and circular economies.

INDUSTRIAL SYMBIOSIS PRACTICES IN TURKIYE

Tiirkiye's industrial sectors are becoming increasingly
aware of the value of IS in improving resource efficiency
and sustainability. The nation has shown a growing interest
in promoting symbiotic practices.

The development of eco-industrial parks, where different sec-
tors co-locate to share resources, reduce waste, and reap ben-
efits, is a notable project. The Turkish government has been
exploring frameworks and regulations to promote the adop-
tion of IS techniques, although these are not project specific.

An important project in Tiirkiye that aims to create syner-
gies between sectors in the thrace region is the TR21 Thra-
ce Region IS Project. The initiative aims to improve overall

sustainability, minimise waste, and maximise resource utili-
sation by promoting IS. This initiative is expected to involve
cooperation between regional companies, governmental
organisations, and possibly even foreign partners.

Similarly, the Antalya Organized Industrial Zone IS and
Eco-Efficiency Project focuses on promoting IS and eco-efhi-
cient practices within the Antalya region. The project strives
to optimise resource utilisation, minimise waste, and improve
the environmental performance of industries in the region.

Some of the main IS practices in Tiirkiye are presented in
the subtitles of this section.

Cukurova Region

A feasibility study was carried out for biogas and energy
production from corn, chicken, and cattle wastes in the
Cukurova region. Waste characterization analyses and bio-
chemical methane potential tests were carried out on the
wastes collected from the region and the alternative mix-
tures of these wastes at different rates. It has been shown
that, based on the scenario of establishing a facility with
an installed capacity of 1 MW, approximately 5.500 tons of
high-added-value organic fertilizer can be obtained annu-
ally, as well as approximately 9 million kilowatt-hours of
energy from a total of 41.000 tons of agricultural and an-
imal waste [25].

Siitas Group

One of the most important IS practices in Tiirkiye is carried
out by Siitas. Animal and vegetable wastes are collected and
converted into electrical energy at Enfags biogas facilities
before being transferred to the grid and used in production
facilities. The procedure does not end with the processing
and utilization of this waste. Hot water and steam, which are
wastes generated by energy plants during waste processing,
are also evaluated and used in Siitag factories. In addition to
farm animal waste, Enfas uses returned products, feed, and or-
ganic waste from factories in the production of electricity, hot
water, and steam. Furthermore, solid, and liquid fermented
products produced in biogas plants are reused as solid and lig-
uid fermented fertilizers for agricultural use. There are three
facilities (Izmir-Tire, Aksaray, and Bursa) where the IS proj-
ect is implemented. Within the scope of the related project,
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it is stated that 584.205 tons of organic waste were disposed
of, 1.8 million kWh of energy savings were achieved, and
98% of waste was recycled. One of the project’s major accom-
plishments is that the energy obtained corresponds to 69% of
Siitas Group’s electricity needs, 92% of dairy factory needs,
and 21% of dairy factory thermal energy needs [26].

FISSAC Project

The project, in which Tiirk¢imento and Ekodenge are
among the partners, was supported by the European Union.
Within the scope of the project completed in 2020, calci-
um sulfoaluminate cement (CSA) was produced using glass
waste (Sisecam), ceramic waste (Canakkale Seramik), and
aluminium waste (BEFESA). The produced cement was
used in road construction in Adana [27].

MAY & EVSU - Biyorem

The performance of the bioremediation product "Biyorem,"
which is obtained by the pilot-scale processing of lint waste
generated during cottonseed production at the May-Agro
production facility by EVSU, was studied. In this context,
field trials and laboratory analyses were conducted within
8 months to determine the bioremediation and adsorp-
tion potential of the product, which is predicted to clean
oil-contaminated soils by the bioremediation method and
prevent oil spread by trapping oil in the soil, and successful
results were obtained [25].

Ekinciler Inc. - Electric Arc Furnace

Within the scope of the project, it is planned to use the slag
obtained in the Electric Arc Furnace (EAF) facilities, where
75% of the iron and steel production in the country is real-
ized, as a by-product in highway construction. It is known
that slag falls within the scope of waste in Tiirkiye and is gen-
erally stored. The excess waste volume brings with it space
occupation, and environmental, and health problems. In the
context of IS, the inclusion of this material in the reproduc-
tion cycle will add value to the national economy. Within
the scope of the project, the possibilities of using the slag
samples taken from Ekinciler Inc. in highway construction
were examined across the field of the relevant standards. As
a result of the experiments, it was determined that the ma-
terial gave better results than most natural aggregates [28].

Other IS practices in Tiirkiye are as follows:

Yiinsa creates a new eco-fabric collection by recycling the
fabric waste generated during production.

Siitas uses iron powder from a metalworking (laser cutting)
project for H,S removal in biogas production.

Pepsico uses certain types of processed food waste in the
production of biogas together with the waste from chip
production, optimizing the efficiency of biogas production.

Anadolu Efes studies obtaining value-added products by
further conversion of malt pulp, which is a by-product of
beer production.

Roteks Inc. evaluates treatment sludge from the denim
washing process in the building materials industry.

Procter & Gamble Inc. conducts a feasibility study for ob-
taining absorbent material, cellulose, and plastic by recy-
cling diaper waste from production.

Eti Krom Inc. evaluates olivine, which is a by-product from
chromite enrichment activities, as a refractory raw material.

Eti Krom Inc. produces low-carbon ferrochrome by using
fine-grained chromite ore from ore preparation and enrich-
ment activities as a concentrate.

Bilecik Demir Celik Inc. produces white fused alumina
(WFA) as a secondary raw material from alumina-based
refractory wastes from iron and steel production furnaces.

Ekinciler Demir Celik Inc. produces secondary raw materi-
als from dolomite refractory brick waste from iron and steel
production furnaces [29].

INDUSTRIAL SYMBIOSIS PRACTICES IN DENMARK

Selected main IS practices in Denmark are presented below.

Baltic Industrial Symbiosis (BIS)

Since the projects and innovations in an IS are about com-
pany collaborations, an important role for the facilitator is
to be the link between companies that can be a potential
match for the symbiotic exchange [30]. The aim of the BIS
project is to combine companies' efforts to use the waste of
one partner as a resource for others. The project stipulates
peer-to-peer exchange practices between IS managers. It
develops new business and financial models [31].

Within the Baltic IS (BIS), which promoted IS and helped
boost eco-innovation, the partners involved more than
150 enterprises and used a dialogue approach to acquire
information regarding the companies’ consumption and
under-utilized and lost resources within the production
process. IS can also benefit municipalities by attracting com-
panies to locate in and/or remain within the municipality,
ensuring jobs and tax revenues, drawing in further partners,
creating a strong local brand, and perhaps also assisting in
reducing waste treatment costs [5]. Denmark's companies,
which are named Symbiosis Center Denmark, Kalundborg
Municipality, Kalundborg Symbiosis, Neestved Municipali-
ty, and Roskilde University, are the partners of BIS.

Ressource City

The Ressource City is at the heart of the circular economy
and the green transition in the Naestved metropolis. As a
platform for innovation, knowledge and inspiration, the
Ressource City contributes to the growth of local businesses
by creating value and supporting local sustainable develop-
ment. The Glass Cluster is a great example of the Ressource
City's work and how a municipality can support sustainable
business partnerships [30].

The Glass Cluster symbiosis, in the municipality of Neest-
ved, Denmark, recycles 100.000 tons of glass a year and
provides heat for 1.250 households. The recycled material
makes up 95% of the glass for packaging, while the remain-
ing dust is used to produce insulation. The municipality’s
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circular economy department, "Ressource City," has em-
braced the cluster and communicated and shared the suc-
cess story as part of the Neestved brand. Yet, ironically, glass
waste from local households in Neaestved is collected in such
a way that it cannot be used in the Glass Cluster. This high-
lights a need for clean waste fractions [32, 33].

The Ressource City was responsible for branding the ex-
change of secondary glass as "the Glass Cluster" and has
communicated the success story far and wide to inspire
others to work with the circular economy. Neestved munic-
ipality and the Glass Cluster were selected as one of C40
and Realdania’s "Cities 100" 100 cities with an innovative
and ambitious approach to reducing climate footprints [5].

GreenLab Skive

A local goal for carbon neutrality and energy self-sufficiency
by 2029 in Skive, central Jutland, and the vision of a tran-
sition to a "Green Energy Valley", called for actions out of
the ordinary. With a supportive organizational structure, a
willingness to take risks, the earmarking of funding, and cre-
ativity in solving legislative barriers, the municipality laid the
seeds for and nurtured the growth of an innovative IS [34].

GreenLab Skive is an energy-focused green industrial park
that has developed into an IS. As of 2020, nine waste, sup-
ply, and private companies are in GreenLab Skive, exchang-
ing energy, excess heat, biomass, and non-recyclable plas-
tic waste. Green-Lab Skive is planned to grow further and
attract more energy-demanding companies to take part in
the innovative energy symbiosis [5].

Kalundborg Symbiosis

Kalundborg Symbiosis is recognized as the first IS in the
world and is considered a best practice example, attracting
broad interest from multiple stakeholders [30]. The largest
IS facility in Denmark is located in Kalundborg. It is both a
city and a municipality, located about 100 km from the cap-
ital of Denmark, Copenhagen. The investment in Kalund-
borg is called the first complete implementation of IS. In
this case, it consists of the exchange of goods between par-
ticipants, which include private and public enterprises. En-
tities included in the symbiosis are characterized by a high
variety of activities [35].

The main entities include, among others:

ARGO is a company responsible for the collection and
subsequent processing of waste from the inhabitants of the
municipality of Kalundborg. The company's priority is the
reuse of a given waste and recycling, which allows for the
recovery of raw materials. The final step is to extract thermal
energy from the waste, which is converted into electricity.

Avista Green is a company dealing in the processing of
waste oils from industrial plants and car workshops. The
company has created a permanent loop for the oil by recy-
cling it in a continuous cycle. Avista Green collects used oil
and submits it to processes that will enable it to be reused.

Boehringer Ingelheim is a pharmaceutical company focused
on improving human and animal health. The plant located

in Kalendborg produces feed supplement products with a
global reach, exporting its products all over the world.

Kalundborg Rafinery is the largest refinery in Denmark.
Thanks to the cooperation between the entities of the sym-
biosis, the refinery benefits from convenient access to water
and biogas. The company is characterized by the fact that
residual sulfur from the desulfurization plant is converted
into liquid and high-efficiency fertilizer. The result is the
production of the cleanest fuel in the world, with a negligi-
ble sulfur content.

Saint-Gobain Gyproc is an entity producing gypsum boards
made of natural gypsum and recycled gypsum. The com-
pany's activities focus on the broadly understood develop-
ment of the production of recycled gypsum, contributing to
the creation of a closed circuit for this material.

Kalundborg Bioenergy is a producer of biogas, from which
hydrogen sulfide and carbon dioxide are then removed. The
upgraded biogas is sent to participants (IS) and to exter-
nal recipients throughout the country. The next activity is
the recovery of sulfur from hydrogen sulfide, which is then
used in fertilizers.

Kalundborg Utility is the main water supply and heat sup-
plier for the residents and local businesses in Kalundborg.
The company also deals with innovative wastewater treat-
ment using ozone.

Novo Nordisk is a global manufacturer of pharmaceuticals
that are very popular around the world. In Kalundborg,
Novo Nordisk produces products for the treatment of se-
vere obesity and diabetes, as well as several biopharmaceu-
tical products.

Novozymes is a company highly associated with the micro-
biology market, and with enzymes that enable more efficient
agriculture, energy savings in production, and washing at
lower temperatures. The entity has a positive impact on the
environment due to the production of substances that, e.g.,
allow the use of fewer chemicals while achieving the same
result. In addition, the company is an example of the correct
creation of a closed loop, benefiting from process steam and
treated surface water from Lake Tissg, which is used direct-
ly to produce enzymes. The next stage is the processing of
biomass obtained from the production of enzymes, which
is converted into energy and fertilizers.

Remilk is a company that, thanks to the fermentation pro-
cess, produces milk proteins. It is a replacement for tradi-
tional milk protein derived from animals. The innovative
approach of the company allows the creation of any dairy
product free from antibiotics, hormones, lactose, and cho-
lesterol. Remilk's breakthrough technology enables the pro-
duction of a cost-effective dairy alternative on a global scale
with negligible environmental impact.

Unibio is a company that produces protein from methane,
which is then used as an ingredient in animal feed. The
technology used allows for the separation of protein pro-
duction from agriculture or fishing, thus affecting the nat-
ural environment. In addition, the obtained biogas is taken
from the entity, which is Kalundborg Bioenergy.
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Qrsted is owner of the Asnees Power Station in Kalundborg.
It produces electricity, steam, and heat. Steam is supplied
to Novozymes and Novo Nordisk. The power plant uses
steam to produce electricity. The heat generated from this
production is transferred to residents and businesses in
the Kalundborg area. An important fact is the cooperation
between Kalundborg Rafinery and @rsted. The companies
exchange the water produced as a by-product. On a large
scale, this reduces the demand for water abstraction from
the nearby Tisso lake.

Each of the listed exemplary participants cooperates with
others, trying to pass on the goods they need. The goods ex-
changed between the participants include water, informa-
tion, energy, and broadly understood material goods [36].

Every year, the IS saves the partners and the environment for:

o 4 million m’ of groundwater by using surface water in-
stead

+ 586.000 tonnes of CO,
o 62.000 tonnes of recycled residual materials

80% of the CO, emissions in the symbiosis have been re-
duced since 2015. The local energy supply is now CO,-neu-
tral [37].

IS in the municipality of Kalundborg is constantly develop-
ing, becoming a leader under the influence of the scale, quan-
tity, and quality of implemented solutions. The project in
Kalundborg is a global example of how IS should work [36].

Aalborg: IS North

Another example is the "IS North" project, which takes
place in the north of Denmark. The cooperation is focused
on the resources of the limestone lake, which is located near
the city of Aalborg. IS has its origins in the 1970s, but a
significant intensification took place after 2010, when co-
operation between entities located in the north of Denmark
allowed the effective use of limestone in many mutual-
ly beneficial stages of production. From year to year, the
number of companies involved in the IS model increases,
including both large and small local enterprises. There are
more than 25 streams of resource exchange between par-
ticipants. The concept of resources has no limits because it
includes any material whose reuse brings about the desired
effect. For some enterprises, a by-product may be a suitable
raw material for another entity.

The IS North project demonstrates significant energy sav-
ings. Companies participating in this initiative save an av-
erage of 264 MWh each. This corresponds to the annual en-
ergy consumption of 8 households. On average, companies
can avoid 800 tons of CO, emissions. This corresponds to
the annual CO, emissions of 100 Danish people. A typical
value for resource exchange symbiosis is between 30 and
50.000 DKK per year for a small company. The average val-
ue of such symbiosis is much higher, two SMEs can expect
1-2 million DKK per year in sustainable synergy [38].

The IS North project brings surprising results, and its main
goal is constant development. Therefore, new businesses

are encouraged to become participants from the very be-
ginning and positively influence the world. As science ad-
vances, new flows of material exchange between existing
market partners emerge that revolutionize the economic
model of the time. The project introduced in northern Den-
mark fits perfectly into the climate goals of the 21* century.
To achieve climate neutrality, it is necessary to change the
strategy of economic development. This requires coopera-
tion between companies and joining forces in the develop-
ment of a circular economy [37].

Water Symbiosis

The increasing pressure on drinking water resources has led
to a focus on replacing drinking water with lower quality
secondary water in Denmark. Advanced treatment technol-
ogies are making it financially viable to upgrade this sec-
ondary water for specific purposes. This project investigates
and optimizes the use of such treated secondary water in IS
between companies [35].

Green District Heat

The Green District Heat project is developing a generic
model for utilizing industrial waste heat as district heating
in nearby communities, specifically oil refineries or villag-
es associated with them. In the context of reducing fossil
fuel use in the Sealand region, the project investigates the
possibility of transferring excess heat from factories to the
district heating network in a way that is both socio-eco-
nomically and environmentally sustainable. A similar ap-
plication has been implemented in the Kalundborg region,
where the Statoil refinery, a partner in the Kalundborg
Symbiosis, generates enough excess heat to cover 80% of
Kalundborg's heat needs [35].

BENEFITS OF INDUSTRIAL SYMBIOSIS PRACTICES

The implementation of IS practices offers several bene-
fits with social, environmental, and economic aspects. IS
promotes a circular economy model by sharing resources,
such as energy and raw materials, and recycling waste as
inputs for other processes. This reduces the need for new
resource extraction and minimises disposal costs. Chertow
[8] and Ehrenfeld and Gertler [6] highlight the potential for
cost-effective collaboration and increased competitiveness
between industries involved in symbiotic relationships,
which underlines this economic efficiency.

From an environmental point of view, IS is seen as a ma-
jor contributor to sustainable development goals. It reduces
their negative impact on the environment by encouraging
the reuse of by-products and reducing the total amount
of waste generated. The exchange of materials and energy
between companies can reduce pollution, greenhouse gas
emissions, and resource depletion. Gibbs and Deutz [39]
highlight the possibility of reduced environmental impacts
through symbiotic interactions when they discuss these
environmental benefits in the context of industrial ecology
and eco-industrial development.
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IS techniques promote community involvement and co-
operation, fostering social cohesion at a societal level. This
collaborative strategy can build social cohesion, create jobs,
and improve the general standard of living in areas sur-
rounding industrial sites. Boons and Roome [7] emphasize
the critical role of collaboration in achieving positive social
outcomes in sustainable development.

This manuscript compares key IS applications developed in
Denmark with similar practices used in Tiirkiye. Due to its
status as a developed country with diverse infrastructure,
Denmark has an advantage over Tiirkiye in implementing
these applications. Additionally, Denmark excels in fos-
tering regional partnerships for IS practices. Compared to
Tiirkiye, Danish applications tend to be more collaborative
and have more developed components. In similar practic-
es in Tirkiye, deficiencies are noticeable in terms of infra-
structure and cooperation, particularly in areas like waste
heat, wastewater reuse, and establishing industrial raw ma-
terial exchange infrastructure between public and private
sectors. However, Tiirkiye has great potential, due to its
waste volume and geographical area. To promote IS in Tiir-
kiye, the first step is to develop new partnerships and spread
awareness about IS nationwide. Water symbiosis and green
district heating projects are also recommended for imple-
mentation in Tiirkiye, particularly in Organized Industrial
Zones and surrounding areas. These projects hold promise
for achieving social, economic, and environmental benefits.

Each of these countries attempts, in its own way, to mitigate
the negative effects of industrial development and implement
sustainable development practices. Nowadays, Denmark
stands out for its advanced cooperative structure, technolog-
ical infrastructure, and current practices. Denmark, which
hosts leading sustainable development applications, is a mod-
el country, especially with its eco-park and socio-economic
benefits. Meanwhile, Tiirkiye is improving its achievements
in existing applications and realizing its potential through
partnerships and investments throughout the country.

The application of IS techniques offers three key benefits: so-
cial well-being, environmental sustainability, and economic
efficiency. A body of the manuscript underlines this point,
highlighting the significant contribution of IS to promoting
a more sustainable and circular industrial landscape.

CONCLUSION

IS is an environmental management approach within the
framework of an industrial ecology. It is a key enabler of
the circular economy, supporting the industry in the transi-
tion from inefficient and unsustainable production systems
to profitable and environmentally friendly manufacturing
concepts. Creating IS in an industrial park can be done by
discovering IS, that is, seeing opportunities to change ma-
terials, energy, products or water. Potential flows of matter
and energy can be constructed by seeing possibilities change
depending on the raw materials used, waste or products.

The IS practices, which are becoming more preferred all
over the world, will increasingly develop and will no longer

be limited to the exchanges or flows of matter such as mate-
rials, energy, water, and by-products. In Europe, the inclu-
sion of IS as an example of resource efficiency in Commis-
sion policy is helping to pave the way for new programs.

This study addresses different IS practices in two countries,
Tiirkiye and Denmark. The main factors for choosing these
two countries are as follows: (i) Denmark is one of the lead-
ing regions in the world for IS implementation. (ii) Danish IS
studies are implemented regionally (Baltic region), suggesting
a similar mission/vision might be possible for Tiirkiye due to
its geopolitical position. (iii) Tiirkiye has high waste genera-
tion and recycling potential, with a significant amount of or-
ganic waste. (iv) Tiirkiye's growing population and develop-
ing industries create energy needs that IS could help address.
(v) This study compares Denmark, with its world-leading
Kalundborg case, to Tiirkiye's high IS potential. It examines
the applicability of Danish practices to the Turkish context.
By considering these elements, the study explores prominent
IS practices in both countries and offers future suggestions,
particularly for Tiirkiye, to evaluate its IS potential.

This study makes a noteworthy contribution to the existing
literature by offering a comparative analysis of IS practices
in two diverse contexts, Denmark and Tiirkiye. Comparing
these countries provides a novel perspective on the adapt-
ability and effectiveness of IS strategies,considering vary-
ing levels of economic development, industrial diversity,
and environmental priorities. The findings are expected to
provide valuable insights for policymakers, researchers, and
industry practitioners. This will aid in the development of
tailored IS approaches that consider local nuances. Addi-
tionally, the study contributes to the broader discourse on
sustainable industrial practices and circular economies,of-
fering a deeper understanding of how IS can be applied and
optimized in different global settings.
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