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INTRODUCTION

ABSTRACT

An environmentally friendly, novel method for extracting vanadium from slag with two imid-
azolium-based ionic liquids, namely1-butyl-3-methylimidazolium trifluoromethane sulfonate
[Bmim*CF,SO,], and 1-butyl-3-methyl-imidazolium hydrogen sulfate [Bmim*HSO,], before
and after magnetic separation, was proposed in this study. The effect of the type of ionic liquid,
the concentration of ionic liquid, temperature and liquid to solid ratio were examined. The op-
timum experimental condition after examining these influential factors was found to be: ionic
liquid [Bmim*"HSO, ] 50% (v/v), a leaching temperature of 100 °C, and a liquid to solid ratio of
12 ml/g (12:1), at a leaching time of 90 min, with shaking speed of 250 rpm. The results indi-
cated that a maximum vanadium extraction of 94.2% with 57.6% iron as an impurity could be
achieved from the non-magnetic slag fraction. The kinetics of vanadium dissolution in 50% (v/v)
[Bmim*HSO, ] was governed by a surface chemical reaction with an estimated E = 65.5 kJ/mol.

Cite this article as: Potgieter JH, Teimouri S. Investigation into the possibility of using a nov-
el ionic liquid leaching method to obtain vanadium from vanadium slag. Environ Res Tec
2023;6:1:1-7.

vanadium [3]. The base metal is resistant to corrosion, has
high fatigue resistance, and increases the hardness and ten-

Vanadium is one of the most important base metals and
can be found in different primary and secondary resourc-
es worldwide [1]. The main raw material for the extraction
of vanadium is titanomagnetite ore, which accounts for
about 85% of vanadium production [2]. During the steel-
making process, vanadium is concentrated in a high-grade
slag, which is a by-product of the process. The high-grade
slag is widely used as a secondary raw material to extract

*Corresponding author.
*E-mail address: herman.potgieter@wits.ac.za

sile strength of steels to which it is added [4]. Therefore,
vanadium has been used in the production of high-strength
steels, as electrolytes in redox flow batteries, catalysts, and
also in ferrous and non-ferrous alloys. In addition to these
uses, vanadium as a critical raw material is used in elec-
tric mobility, defense and space applications. It also enables
the transition to renewable energy sources by its use in
long-duration energy storage (LDES) solutions [5].

This paper has been presented at Sixth Symposium on Circular Economy and Urban Mining (SUM 2022)/Capri, Italy / 18-20 May 2022.
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The commonly used process for the extraction of vanadium
from both vanadium slag and titanomagnetite ore is the so-
dium roast-leach method. In some cases, a mixture of the
three sodium salts (NaCl, Na,CO,, and Na_SO,) is added to
the filtered cake and the mixture is fed to a rotary kiln to be
roasted at a temperature range of 700-1200 °C. The roasted
ore or slag is then leached using water to form the pregnant
solution, from which vanadium can be precipitated as am-
monium metavanadate (AMYV), using ammonium sulphate
((NH,),SO,) [6]. This process is cost-effective, since the re-
agents used during the roasting stage are relatively cheap.
Additionally, the sodium salt used in the process is selective
towards vanadium in the ore or slag to form sodium meta-
vanadate (NaVO,), but some impurities i.e. Fe, S, K, Cr can
also be extracted. Using water as a lixiviant gives the pro-
cess the advantage of a relatively high vanadium extraction
of 60-85% at a controlled pH of 5. To improve vanadium
extraction during the leaching stage, water can be substitut-
ed by sulphuric acid [6].

Chen et al. [7] investigated roasting with NaOH molten
salt for titaniferous magnetite ore. In the sodium roasting
process, the sodium oxidation forms the vanadium oxides
to water-soluble sodium vanadate and concurrently the
reduction of iron oxides to metallic iron also occurred.
Subsequently, water leaching achieved a satisfactory vana-
dium extraction of 84.5%, iron 89.4%, and titanium 95.6%.
In another research, Zhang et al. [8] proposed substituting
the sodium salts with calcium oxide for roasting at 850 °C
for 2.5 h, followed by sulphuric acid leaching, precipitation,
and calcination to recover vanadium pentoxide from the
ore. The achieved vanadium extraction under these condi-
tions was 93.3%.

Li [9] examined a calcium roasting method, followed by
ammonium carbonate (NH,),CO, leaching. The method
succeeded to be selective towards vanadium, hence, reduc-
ing the amount of impurities, and AMYV is formed directly
during the leaching stage. A maximum vanadium extraction
of 96.0% was obtained with this process. Li et al. [10] sub-
stituted sodium salts with potassium salts, followed by sul-
phuric acid leaching. The conditions were as follows: potassi-
um salt roasting at a temperature of 900 °C for 1 h, 10% (v/v)
sulfuric acid concentration, liquid to solid ratio of 3 ml/g,
leaching temperature 95 °C, and leaching time 1.5 h, which
yielded an extraction efficiency of 71.4% for vanadium. Liu
& Meng [4] decreased the amount of impurities leached
when using non-salt roasting, followed by alkaline leaching.

However, these modifications do not properly address the
disadvantages of the roast-leach process, such as (a) emis-
sion of toxic and corrosive gases, i.e. hydrogen chloride
(HCI), chlorine (CL), and sulfur dioxide (SO,) [1], (b) high
energy consumption in the roasting step, (c) extraction of
impurities i.e. S, K, Cr, during leaching which increase cap-
ital costs in the refinery stage [6-8].

To overcome these problems, this investigation aimed to
examine the feasibility of imidazolium-based ionic liquids
(ILs), such as 1-butyl-3-methylimidazolium trifluorometh-
ane sulfonate [Bmim*CF,SO,], and 1-butyl-3-methyl-im-
idazolium hydrogen sulfate [Bmim*HSO,], to extract vana-
dium efficiently from vanadium slag with high iron content,
without including a roasting step. Some reports suggested
[11] that imidazolium-based ionic liquids can decrease the
reaction time and enhance the recovery yield. While the
extraction of other metals such as gold, silver, copper, tita-
nium, and aluminium by using the imidazolium-based ion-
ic liquid (IL) have been investigated, few studies could be
found in the literature on vanadium extraction by ILs. Only
Bell & Castleman [12] reported an unsuccessful attempt to
leach vanadium oxide using 1-butyl-3-methylimidazolium
trifluoromethane sulfonate [Bmim*CF,SO,]. This investi-
gation focused to identify which IL results in the maximum
extraction of vanadium from V-bearing slag before and af-
ter magnetic separation and to establish under which con-
ditions it could be achieved. To this end, two different ILs,
their varying concentrations, various liquid to solid ratios
and a number of leaching temperatures were investigated.
These two ILs were selected to examine the effect of ionic
liquids having the same cationic part as [Bmim*] and dif-
ferent anionic parts as [CF,SO, ] and [HSO, ] to extract the
target metals.

MATERIALS AND EXPERIMENTAL PROCEDURE

Materials

The vanadium slag containing a high metallic iron content
was supplied by Powder Tech, a company located in Brits
in South Africa. The ILs 1-butyl-3-methylimida-zolium
trifluoromethane sulfonate [Bmim*CF,SO,] (IL-A), 1-bu-
tyl-3-methyl-imidazolium hydrogen sulfate [Bmim*HSO,]
(IL-B), and sulphuric acid (98%) were bought from ACE
Chemicals (Pty.) Ltd. These two IL have been selected since
other researchers used them in their work also, and that fa-
cilitates comparisons. Moreover, the IL-B [Bmim*HSO, ], is
able to act as a Brensted acid by releasing proton [H] into
an aqueous solution owing acidic properties [13].

Experimental Procedure

The slag was crushed using a jaw crusher and then milled
into a fine powder using a Zieb pulverizing mill. The initial
particle size of the slag was ~20 mm, then after crushing in
the jaw crusher become ~1mm. To make the crushed mate-
rial finer, they were put in the Zieb pulverizing mill which
milled them to a fine powder with a particle size of D, = 45
pm. The bulk chemical composition of the slag is presented
in Table 1, as measured by X-ray fluorescence (XRF). XRF
powder method was carried out on a Rigaku-ZSX Primus
IT instrument using SQX analysis software. The instrument
settings during operation was 60 kV and 150 mA.
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Table 1. Bulk chemical composition of vanadium slag (wt.% except V* in ppm)

Component Fe O, SiO, TiO, MnO

Cr,0,

CaO  AlLO, PO, \& LOI

Content (wt.%) 46.03 17.94 13.38 10.91

1.61 1.53 1.25 0.12 163.04* 7.1

Table 2. Range of investigated experimental parameters

Parameters

Studied range

Type of IL

[Bmim*CF SO, ] (IL-A)

[Bmim*HSO,] (IL-B)

IL concentration (v/v) 10%
Temperature (°C) 45

Liquid to solid ratio (ml/g) 5

20%
60 75 90

30% 40% 50%
100

8 10 12

Slag samples were treated in a magnetic separator to obtain
a magnetic and non-magnetic fraction for further leaching.
Sulphuric acid solutions with concentrations of 15%, 30%,
50% and 70% (w/w) were used for the initial leaching runs.
A 10 ml volume of the different acid concentrations was
mixed with 1 g of slag sample to ensure a liquid-to-solid
ratio of 10 ml/g (10:1). These samples were leached under
reflux condition with a condenser attached to the leaching
flask stirring at a speed of 250 rpm, for 90 min at 100 °C.
After 90 min, the mixture was filtered, and a 5 ml aliquot of
the filtrate was pipetted into a 100 ml volumetric flask and
made up to the mark. These diluted samples were analysed
using atomic absorption spectrometry (AAS-Varian model
A2000) to measure vanadium and iron content.

To investigate the effect of the IL concentration, a 10 ml IL/
distilled water solution (IL-A and IL-B) with concentrations
of 10%, 20%, 30%, 40% and 50% (v/v), was mixed with 1
g slag (magnetic and non-magnetic portion) with liquid to
solid ratio (10:1). Then the samples were placed in the shaker
with a speed of 250 rpm, at a temperature of 100 °C, for 90
min. The effect of varying temperatures on the leaching pro-
cess was evaluated by using 10 ml 50% (v/v) solution of IL/
distilled water mixed with 1 g slag sample to ensure a liquid
to solid ratio of 10 ml/g. These samples were placed in the ul-
trasonic bath for 60 min at 60 °C, before they were leached at
the following temperatures: 45, 60, 75, 90, 100 °C in the shak-
er with a speed of 250 rpm, for 90 min. To study the effect of
the liquid to solid ratio on the V and Fe extraction, IL-A and
IL-B with 50% (v/v) concentration was mixed with specific
amount of the slag sample (magnetic and non-magnetic) to
make different liquid to solid ratios of 5, 6, 8, 10, 12 ml/g.
Table 2 listed the investigating parameters and their studied
range. All experimental runs were carried out in duplicate to
ensure good repeatability and average values are reported.

It was assumed that the total amount of vanadium and iron
contained in the sample is the amount leached using 70%
(w/w) sulphuric acid. Recoveries of each element were cal-
culated as follows:

%Vanadium Extraction = [V leached by IL/ V leached by H2504] x 100 (1)

%lIron Extraction = [Fe leached by IL/ Fe leached by H2S04] x 100 ?2)

90
80 ——%EV
70
60
50
40
30
20

—e—%E Fe

Extracted (%)

0 10 20 30 40 50 60 70 80
Sulfuric acid (w/w)

Figure 1. The effect of sulphuric acid concentration on V
and Fe extracted from the vanadium slag sample. Condi-
tions: liquid to solid ratio of 10 (mg/l), stirring speed 250
rpm, at 100 °C for 90 min.

RESULTS AND DISCUSSION

Vanadium and Iron Extraction Before Magnetic Separation
To determine the vanadium and iron before magnetic sepa-
ration, sulphuric acid solutions with concentrations of 15%,
30%, 50% and 70% (w/w) were used for the initial leaching
runs. A 10 ml aliquot of the different acid concentrations
was mixed with 1 g of slag sample to ensure a liquid to sol-
id ratio of 10 ml/g (10:1). These samples were leached for
90 min in a shaker, at a temperature of 100 °C. Then the
mixture was filtered, and a 5 ml aliquot of the filtrate was
pipetted into a 100 ml volumetric flask and made up to the
mark. These diluted samples were analysed using AAS to
measure vanadium and iron content. Figure 1 displays the
results obtained in terms of the concentration of vanadium
and iron contained in the solution when the slag sample
was leached using sulphuric acid at different concentra-
tions. The maximum amount of vanadium and iron was
61 mg/l, and 384 mg/l, respectively from the slag sample
before magnetic separation with 70% sulphuric acid. These
values were considered as the total amount of vanadium
and iron in the slag and were used when calculating per-
centage recoveries.
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Figure 2. The effect of the IL (A & B) concentration on V and Fe extraction from (a) magnetic and (b) non-magnetic slag.
Conditions: liquid to solid ratio of 10 (mg/1), stirring speed 250 rpm, at 100 °C for 90 min.

100
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60
50
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20

Fraction of metal extracted%
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40 50 60 70 80 90
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100
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X
E 80
8 70
®
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8
(5]
g .
S 40 e
o ==
2 30 P —
2 =
£ 20

10 ’

0

40 50 60 70 80 90 100
(b) Temperature °C
—oa— Fe extracted with IL A —=a—V extracted with IL A
Fe extracted with IL B V extracted with IL B

Figure 3. The effect of temperature from 45 to 100 °C on V and Fe extraction from (a) magnetic and (b) non-magnetic
slag. Conditions: 10 ml IL (A & B) 50% (v/v) solution, liquid to solid ratio of 10 (mg/1), stirring speed 250 rpm, for 90 min.

Vanadium and Iron Extraction From the Magnetic and
Non-Magnetic Slag Portions

Two different ILs were used to leach the magnetic and
non-magnetic portions of the slag sample to investigate
how the IL concentration, the liquid to solid ratio and the
leaching temperature affect the recovery of vanadium and
iron. Analyses indicated that the magnetic portion of the
slag contained at least 10 times the amount (mass) of V
compared to the non-magnetic portion, while the mass of
Fe was at least twice as high in the magnetic portion as in
the non-magnetic portion of the slag after separation.

The Effect of Ionic Liquid Concentration

Two different ILs [Bmim*CF,SO,] (IL-A), and [Bmim*H-
SO, (IL-B) were used to leach the magnetic and non-mag-
netic portions of the slag sample to investigate the effect of
the IL concentration from 10% to 50% (v/v) on vanadium
and iron extraction. The results are illustrated in Figure 2a,
b. With 50% IL-B, 74.6% V and 38.7% Fe was extracted from
the magnetic slag. It is evident that the magnetic separation
increased the extraction of V to 86.9%, and Fe to 42.9% (Fig.
2b - non-magnetic slag). In comparison to IL-B, IL-A result-
ed in substantially less V and Fe with only 8.4% and 5.8% ex-
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Figure 4. The effect of the solid-to-liquid ratio in the range of 5, 6, 8, 10, and 12 ml/g on V and Fe extraction from (a)
magnetic and (b) non-magnetic slag. Conditions: 10 ml IL (A & B) 50% (v/v), stirring speed 250 rpm, at 100 °C for 90 min.

Table 3. Summary of V and Fe extraction with IL-B (Bmim'HSO,)

Studied factors IL-B50% Temperature L:S ratio
(viv) 100 °C (12:1)
Extraction %V %Fe %V %Fe %V  %Fe
Magnetic portion 74.6 383 755 382 79.6 402
Non-magnetic portion 86.9 429 746 451 942 57.6

traction, respectively from the magnetic slag portion. How-
ever, with IL-A, V and Fe extraction improved to 42.8% and
10.8%, respectively from the non-magnetic slag. Therefore,
50% (v/v) [Bmim"HSO, ] (IL-B), was the better IL for V and
Fe extraction from magnetic and non-magnetic slag portions.

The Effect of the Leaching Temperature

The effect of varying temperature on the leaching process
was evaluated by using 10 ml of a IL at a concentration of
50% (v/v) with 1 g slag sample (magnetic and non-magnet-
ic slag) to ensure a liquid to solid ratio of 10 ml/g. These
samples were placed in the ultrasonic bath for 60 min at 60
°C, before they were leached at the following temperatures:
45, 60, 75, 90, 100 °C. As presented in Figure 3a, b, increas-
ing the temperature generally leads to an increased V and
Fe extraction for both the IL-A and IL-B. The reason is that,
increasing the temperature improve the diffusion and the
reaction rate leading to higher extraction. Thus, 100 °C was
chosen as the optimum operating temperature. At 100 °C,
IL-B extracted 75.5% V and 38.2% Fe from the magnetic
portion of the slag. When considering the non-magnetic
portion of the slag, the same IL-B achieved 74.6% V and
45.1% Fe at 100 °C. In contrast, IL-A extracted 10.8% V and
5.2% Fe from the magnetic slag, and 45.2% V and 21.5% Fe
from the non-magnetic slag portions.

The Effect of Liquid-to-Solid Ratio

To examine the effect of the liquid-to-solid ratio, the IL-A
and IL-B with 50% (v/v) concentration were mixed with a
specific amount of the slag sample (magnetic and non-mag-
netic) to make different liquid-to-solid ratios of 5, 6, 8, 10, 12
ml/g. Figure 4a, b illustrates the effect of the solid-to-liquid
ratio on V and Fe extraction from magnetic and non-mag-
netic slag. Generally, vanadium extraction increases with
increasing the volume of the IL used for leaching. This is
to be expected and in line with the mass transfer theory,
which states that an increasing concentration gradient with
an increasing liquid-to-solid ratio is the driving force for
mass transfer [14]. A liquid-to-solid ratio of 12 ml/g (12:1)
was therefore chosen as the optimum practical ratio. At this
liquid-to-solid ratio IL-B yielded V and Fe of 94.2% and
57.6%, respectively from the non-magnetic portion of the
slag (Fig. 4b), and slightly less from the magnetic portion
(Fig. 4a) as 79.6% V and 40.2% Fe. With IL-A, 11.8% V and
5.2% Fe extraction were obtained from the magnetic slag,
and it improved in the non-magnetic slag fraction to 49.6%
Vand 11.4% Fe.

A summary of the results on the optimum point for the
studied factors with IL-B [Bmim*HSO,] which was the
better IL for the magnetic and non-magnetic portion for V
and Fe extraction is summarised in Table 3.

Kinetic Model

Leaching is a reaction between solid particles and liquid
which is defined as a heterogeneous reaction. The reaction
occurs at the interface of the leaching agent and a solid phase.
The general leaching reaction can be defined as follow:

Ayt bB > <C
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Table 4. Shrinking core model equations as limiting step

Limiting step

1 Diffusion through the product layer (SP)
Diftusion through the product layer (CP)
Diffusion through the liquid film (SP)

2
3
4 Surface chemical reactions (CP)
5 Surface chemical reactions (SP)
6

New shrinking core model

Equation R? Rate constant
1-31-X)**+2(1-X) =kt 0.94 0.003
X+(1-X)In(1-X)=kt 0.95 0.004
X=kt 0.99 0.009
1-(1-X)" =kt 0.99 0.006
1-(1-X)" =kt 0.98 0.004
1/3In(1 -X) + [(1 -X) " -1] =kt 0.87 0.001

*[SP = Spherical Particle & CP = Cylinder Particle]

1- 3(1=X)"*+ 2(1-X) = k.t

X + (1-X) In(1-X) = k.t

X=kt

1—(1-X)"2 = k.t

1-(1-X)"° = k.t

13In(1-X) + [(1-X) " = 1] = k.t

0.8

0.7 4

A B e

0.6

0.5

0.4

Equation

0.3

0.2 4

0.1+

0.0

0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 5. Different SCM model equation fittings.

Where A is the leaching agent (liquid), B is the solid phase
(the particles), and C is the produced product(s). Typical-
ly, during leaching the following steps happen sequentially:
diffusion of the leaching agent through the thin liquid film
surrounding the solid particle, chemical reaction on the
surface of the solid particle, and diffusion of the leaching
agent through the product. The slowest step acts as a limit-
ing step and controls the kinetics of dissolution [15].

To determine the kinetics of vanadium dissolution in 50%
(v/v) IL-B (Bmim*HSO,’), the experimental results at time
intervals of 10, 30, 50, 70, and 90 min at 100 °C were evalu-
ated using the shrinking core model. Considering the solid
particles can be spherical and/or cylinder, the fitness of the
different equations for diffusion, chemical reaction, and the
new equation (mixed model) as a limiting step controlling
the kinetics of vanadium dissolution were assessed.

To do so, the function of each equation versus time was
plotted to obtain the correlation coefficient (R?). Table 3
tabulated the list of the evaluated equations as a limiting
step, the obtained correlation coefficient (R?), and the rate
constant. The trendline with R? close to one indicates the

most suitable equation fitting to the experimental results.
In this case, the surface chemical reaction (spherical and/or
cylinder particles) controls the kinetics of vanadium disso-
lution in 50% (v/v) IL-B (Bmim*HSO,’). Figure 5 illustrates
the function and the fitness of each equation versus time.

Since the surface chemical reaction indicates the best fit
of the results, the slope of the straight line presenting the
functionality of the chemical reaction (A) in Figure 5, was
taken as the rate constant (k) to estimate the activation en-
ergy as 65.5 kJ/mol. The value of the obtained activation
energy is >40 kJ/mol, which is another indication that the
surface chemical reaction is controlling the kinetics of the
dissolution reaction [13].

CONCLUSIONS

The following conclusions can be drawn from this investi-
gation:

« Ofthe two ILs which were used in this investigation, the
aqueous solutions of the IL-B [Bmim*HSO,] emerged
as a better extractant than the IL-A [Bmim*CF,SO,].

o Magnetic separation concentrates the amount of vana-
dium and iron in the magnetic portion of the sample,
leading to improved vanadium extraction, even though
the recovery percentages of the non-magnetic fraction
were higher than in the magnetic fraction.

o Under the investigated parameters, the optimum condi-
tions for leaching were: IL-B [Bmim"HSO, ] with 50% (v/v)
concentration, a temperature of 100 °C, and L:S of 12:1.

o Maximum extraction of 94.2% V and 57.6% Fe was
achieved from the non-magnetic portion of the slag
sample.

e A surface chemical reaction controls the kinetics of va-
nadium dissolution in 50% (v/v) IL-B [Bmim*HSO,]

o The effectiveness of the different ionic liquids under dif-
ferent conditions to extract various amounts of V and
Fe, coupled with magnetic separation of the material in
two different fractions, offers the opportunity to design
a process to separate the V and Fe in the slag for further
recovery and purification.
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o This study demonstrated the viability of a direct leach-
ing method using imidazolium-based ILs to extract
vanadium from the slag in yields comparable to tradi-
tional pyrometallurgical and hydrometallurgical means,
with no emission of toxic gases, and considerably low-
er energy requirement compared to the conventional
roast-leach method.

The study is incomplete in that it still needs to illustrate that:

o Recycling the ionic liquid to be reused in the extraction
process would lead to less consumption than conven-
tional acids in the leaching solution.

« Ionic liquids have large electrochemical “windows/
ranges” which offer the potential for metal recovery
and recycling after electrochemical recovery of V and/
or Fe.

Follow-up work currently underway involves investigating
the final separation of the V and Fe from the leach solution
in such a way that the ionic liquid can be recycled. We also
plan future work with other types of ionic liquids.
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INTRODUCTION

ABSTRACT

The use of disinfectants is intensive and widespread during the pandemic. Disinfectants are
mixed with various organic wastewater substances, and also resuspend from the soil surface
during the rainy season, which are eventually discharged into river waters. This study aimed
to assess the potential of alcohol in detoxifying wastes containing organic substances so as to
secure their disposal into water bodies. Preparation of organic substance solutions, aquatic test
biota, and measurement of substance concentration parameters, as well as substance toxicity
to biota, were all carried out using international standard laboratory protocols. In addition,
real wastewater containing various organic substances was also investigated. It was revealed
that the toxicity rating of organic substances to microbes was in line with their toxicity rating
to zebrafish aquatic biota indicator. The toxicity rating of organic substances to microbes was
expressed in the ratio of biological to chemical oxygen demand. The acute lethal concentration
of half the number of zebrafish was a rating of the toxicity of organic substances to aquatic
biota. Both of these toxicity measures were closely related to the solubility properties of sub-
stances in organic matter, which were expressed as octanol-water partition coefficient values.
A very important finding was the potential of alcohol to detoxify wastewater containing mixed
organic substances to secure its discharge into water bodies. This supports the continued use
of alcohol disinfectants as a health protocol in daily life.

Cite this article as: Mangkoedihardjo S, Al-Rosyid LM. Chemical disinfectants detoxify
wastewater containing various organic substances. Environ Res Tec 2023;6:1:8-12.

disease problems has broadened and deepened knowledge
to produce various disinfectants, both physical and chem-

The use of disinfectants is indefinite and without limita-
tions on environmental health conditions. Disinfectants in
various forms have been formed to eliminate disease-caus-
ing microbes. Sunlight is one of the physical disinfectants
that have formed naturally, which we know existed before
human life on earth. The development of human life and
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*E-mail address: prosarwoko@ gmail.com

ical forms. Responding to the problem of the COVID-19
pandemic, chemical disinfectants have become one of the
health protocols for everyone around the world. Various
formulations of chemical disinfectants are available and
used. Of particular concern are glycerol [1], isopropyl alco-
hol [2], and ethanol [3]. The use of disinfectants is predicted
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to continue even after the pandemic ends. The consequence
is the enrichment of organic matter in wastewater, both
from personal hygiene and existing wastewater production
[4] and treatment processes [5].

Meanwhile, the wastewater generated in daily life also con-
tains various types of organic substances. More attention
to organic substances in daily wastewater is the content of
oxalic acid, acetic acid, lactose, sucrose, glucose, and form-
aldehyde. Oxalic acid is a cleaning agent for laundry and
household appliances from stains on metal [6]. Acetic acid
is one of the common fermented food products in addition
to many organic substances sourced from foodstuffs, which
are generally lactose, sucrose and glucose [7]. Often foods
contain naturally occurring formaldehyde, which is inten-
tionally added as a preservative even though its use must
be limited [8]. All existing organic matter content and new
enrichment in wastewater becomes an urgency for its treat-
ment [9] discharge into water bodies [10], as well as evalu-
ation of existing wastewater plans [11].

Therefore, this research was carried out with a new ap-
proach in the form of alcohol disinfectant as a detoxifica-
tion of organic wastewater. The first objective was to obtain
a rating of the toxicity of organic substances to microbes
and to freshwater indicator biota. The second objective was
to determine the potential of alcohol-type disinfectants to
secure waste disposal into freshwater bodies.

MATERIALS AND METHODS

The following organic substances were of pro-analytical
quality for laboratories, i.e., lactose, sucrose, glucose, oxal-
ic acid, acetic acid, formaldehyde, glycerol, isopropyl acid,
and ethanol. The first six organic substances were solution
materials as a simulation of organic wastewater. The next
three organic substances were alcohol disinfectants. Each
organic matter solution was measured for biological oxy-
gen demand (BOD) and chemical oxygen demand (COD)
content based on [12, 13]. and prepared in various concen-
trations of 10 mg/L, 100 mg/L, and 1,000 mg/L.

The aim was to rank the BOD/COD ratio as a measure of
the level of toxicity of organic substances to microbes. Each
organic substance was also measured in terms of octanol
water partition (Pow) based on [14] to assess the lipophilic
properties of the substance. Each substance parameter was
measured in three replications, thus, the data obtained were
nine measurements of the concentration of each organic
substance. The result of which was the average.

Furthermore, each organic substance underwent an
acute toxicity test for 96 h on the indicator biota of ze-
brafish Brachydanio rerio to secure the discharge of ef-
fluent into freshwater bodies. Probit statistical analysis
was used to determine the lethal concentration of the
substance on biota [15].

The mixture of organic substances in simulated wastewater
was proportional to the volume and its toxicity against B.
rerio was calculated using the following equations:

M=3Y",TUi (@)
Where TUi was equal to the sum of the toxicity units of
each substance [16]. The toxicity unit (TU) was the recip-

rocal of the lethal concentration of the substance to 50% of
the test biota (LC-50).

Ty = (LCiSO) (2)

The Equation 2 was derived from researchers [16-19] and
has been used by other researchers [20].

The mixed effect can be evaluated according to the values of
M and Mo under the following arrangements:

Mo = (2 ) 3)

maxTUi

The mixed effect assessment was stated as follows:

M<1: Synergistic
M=1: Simple additive
M = Mo: Independent
M > Mo: Antagonism
Mo>M>1: Partial additive

The mixture of organic substances simulating wastewater that
has synergistic toxicity properties then undergoes the addition
of an alcohol disinfectant. In this mixture of wastewater and
disinfectant, BOD and COD measurements were carried out
as well as a 96 h acute toxicity test for B. rerio. This mixture is
to assess the antagonistic toxicity properties, which indicates
the potential of alcohol as detoxification of organic wastewater.

Wastewater samples in the field which actually contain
various organic substances are taken from the residential
landscape of domestic activities and where the wastewater
is discharged into rivers [21, 22]. Real wastewater samples
were tested to assess their suitability with the simulation re-
sults of the organic matter mixture. The selected wastewater
samples were those containing BOD and COD of less than
1,000 mg/L in accordance with the limits of the concentra-
tion of the tested organic substances.

RESULTS

The results of the measurement of the parameters of or-
ganic substances in the wastewater simulation group were
presented in Table 1. Specifically, the BOD/COD ratio was
simply the calculation of the results of the two parameters,
and the TU was calculated using Equation 2.

Based on the TU results in Table 1, a mixture of all wastewa-
ter organic substances in equal volume proportions yields
M < 1 (Equations 1 and Equation 3). This means that any
mixture of organic substances has the potential for a syner-
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Table 1. Organic matter parameters and toxicity to B. rerio

Organic matter BOD (mg/L) COD (mg/L) BOD/COD Pow LC-50-96 TU of
solution h-B. rerio substance
(mg/L)

Lactose 7.7-750.7 8.3-962.0 0.8-0.9 0.7-0.8 851 0.0012
Sucrose 5.7-495.3 7.3-954.0 0.5-0.8 0.7-1.4 685 0.0015
Glucose 4.2-452.0 6.3-899.0 0.4-0.7 0.7-1.1 372 0.0027
Oxalic acid 0.8-114.7 7.7-796.0 0.1-0.3 1.1-2.3 42 0.0238
Acetic acid 1.7-158.7 6.7-792.0 0.2-0.4 0.7-1.6 30 0.0333
Formaldehyde 0.8-98.7 5.3-123.0 0.1-0.2 0.7-4.5 24 0.0417
Table 2. Lethal concentration of mixed organic matter by addition of alcohol to B. rerio
A mixture of substances in BOD COD BOD  LC-50-96 Toxicity properties
equal volume proportions (mg/L) (mg/L) /COD  h-B.rerio of the mixture

(mg/L)
Sucrose+Acetic acid+Glycerol 11.8-814.7 15.3-1,051.0 0.8-0.8 205 Antagonistic due to Glycerol
Acetic acid+Formaldehyde+Isopropyl alcohol ~ 0.8-52.9 1.4-988a  0.5-0.6 191 Antagonistic due to Isopropyl alcohol
Oxalic acid+Formaldehyde+Ethanol 0.7-83.5 2.0-299.0  0.3-0.4 59 Antagonistic due to Ethanol
Table 3. Toxicity of real wastewater contains a variety of organic substances
Samples BOD (mg/L) COD (mg/L) BOD/COD LC-50-96 h- B. rerio for real wastewater
Household wastewater 108.0 200.0 0.54 188
Laundry and textile washing wastewater 446.0 960.0 0.46 78

gistic effect, which increases its toxicity to B. rerio. There-
fore, the results of this experiment deliberately divided the
toxicity of organic substances at the LC-50 limit of 100
mg/L. In this case, the low toxicity was LC-50 >100 mg/L,
and the high toxicity was LC-50 < 100 mg/L, for both mi-
crobes and B. rerio.

With the LC-50 limit, further experiments were carried out
for mixtures of low and high toxicity organic substances,
and mixtures of high toxicity organic substances with the
addition of alcohol disinfectant. In the settings, glycerol was
added to the mixture of sucrose (LC-50 > 100 mg/L) and
acetic acid (LC-50 < 100 mg/L), all of which were in the
same volume proportion. Likewise, for mixing organic sub-
stances that have an LC-50 < 100 mg/L with the addition of
isopropyl alcohol and ethanol. The results of the measure-
ment of BOD, COD, and toxicity parameters of the mixture
were presented in Table 2.

Table 2 showed the addition of alcohol to wastewater con-
taining a mixture of organic substances produces an antag-
onistic effect that reduces its toxicity to B. rerio. Therefore,
these disinfectants are capable of detoxifying organic mat-
ter, which protects the life of biota in water bodies.

The results of the real wastewater toxicity study were pre-
sented in Table 3. The Pow parameter of the real wastewater

was of course not measured. This was because the content
of organic substances was not specific apart from being a
mixture of various organic substances. The LC-50-96 h re-
sults against B. rerio were for real wastewater that has been
enriched with alcohol disinfectant during the pandemic.

DISCUSSION

The results of the study of single organic substances Table 1
shows the BOD/COD ratio in the range of easily biodegrad-
able (more than 0.5) and non-biodegradable, or toxic to mi-
crobes (less than 0.5). As the results of previous studies [23],
the range of the BOD/COD ratio was closely related to the
Pow range, where biodegradable organic substances have a
Pow smaller than the Pow of non-biodegradable substanc-
es. The Pow results show that biodegradable organic sub-
stances were hydrophilic, whereas non-biodegradable or-
ganic substances were lipophilic, which easily accumulates
into the biomass of biota. Thus, the lipophilic nature of the
organic substance explains its toxicity to microbes.

Similarly, the results of LC-50-96 h-B. rerio for non-biode-
gradable organic substances showed less than biodegrad-
able organic substances. This indicates that non-biode-
gradable organic substances become more toxic to B. rerio.



Environ Res Tec, Vol. 6, Issue. 1, pp. 8-12, March 2023

11

Again, the toxicity of organic substances to B. rerio is due
to the lipophilic nature of organic substances, which easily
accumulate into B. rerio.

The association of Pow with the toxicity of organic sub-
stances to microbes and B. rerio has been in line with and
confirms the results of previous studies by other researchers
[24-26]. All of them use different organic substances from
each other, thus strengthening the correlation between
Pow, accumulative properties of substances, and toxicity of
substances to biota.

The aforementioned results of the laboratory studies can
be applied to respond to the use of disinfectants that enrich
the quality of wastewater and even to runoff during the
rainy season. Especially for wastewater containing BOD
and COD of not more than 1,000mg/L, people need not
worry too much about the effects of discharging disinfec-
tant-rich wastewater into fresh water bodies as previously
designed and practiced. This was evidenced by the results
of research for real wastewater in Table 3, which shows a
fairly high ratio of BOD/COD and LC-50-96 h. Both were
considered biodegradable and less toxic to aquatic biota.
During this three-year pandemic, there have been no re-
ports of damage to water quality and aquatic biota with
the exception of microbes.

However, careful attention needs to be paid to wastewater
that has a BOD and COD concentration of more than 1,000
mg/L, such as leachate from the degradation of solid waste
in landfills. In this condition, other detoxification methods
are needed that are able to reduce BOD and COD below
1,000 mg/L, such as wetland treatment involving a variety of
plants [27]. Plants are resistant to alcohol disinfectants [28].

CONCLUSIONS

The first objective of this study has been achieved by show-
ing that the toxicity rating of organic substances to mi-
crobes is the same as their toxicity rating to zebrafish. The
second but more important objective is the toxicity of alco-
hol disinfectants to microbes but has the potential to reduce
the toxicity of organic mixtures to zebrafish. This is a rep-
resentation of the potential ability of alcohol disinfectants
to detoxify organic wastewater that is safely discharged into
water bodies. Therefore, the use of alcohol as a microbial
disinfection does not worsen the chemical quality of the en-
vironment and its effect on macro biota.

The limitation of this research was the mixture of organ-
ic substances based on the same volume proportion. The
concentration of each organic substance was a maximum of
1,000 mg/L. Therefore, further research is needed regarding
the proportion of the mixture of organic substances, which
optimally reduces its toxicity to zebrafish. In addition, the
concentration of organic matter should be increased to
more than 1,000 mg/L.
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In this study, the occurrence and morphology of microplastics in a small fishing port in the
Black Sea were determined by bulk sampling and visually analyzed by a stereo microscope.
Three sampling campaigns were carried out, two of which were after the opening of the legal
fishing season. The average abundance of the microplastics was found to be 3417+1401 items/
m®. The determined microplastic concentration was 1.43 times higher on the day of the most
intense fishing activities. No statistically significant differences were observed for the differ-
ent sampling locations (coast, middle, and seaside). The most frequent microplastic colors
observed were blue, followed by black, green, red, white and grey, while fibers represented
the dominant shape. The prevalent size of microplastics was <50 um which makes it easy to
ingest by even the smaller fishes and introduce into the food chain as well. However the NP
value which shows the bioavailability of microplastic was calculated as 0.72 indicating a low
bioavailability (<2).

Cite this article as: Demirel Bayik G, Aydemir E. Microplastic pollution in a small fishing port
in Zonguldak/Tiirkiye. Environ Res Tec 2023;6:1:13-20.

INTRODUCTION

Plastic debris is described as “any persistent solid material
that is manufactured or processed and directly or indirectly,
intentionally or unintentionally, disposed of or abandoned
into the marine environment or the Great Lakes” in UNEP
Regional Seas Reports and Studies [1]. Plastics are ex-
posed to the action of biological organisms and exogenous
agents like solar radiation, wind, and waves after they are
spread in the environment, which speeds up degradation
through thermal, photo-oxidative, and mechanical stimuli.
The breakdown of these plastic items creates microplastics
(plastics< 5 mm; MPs). Microplastics (MPs) have now been
discovered in almost every component of the aquatic en-
vironment, including seawater, lake water and beach and

*Corresponding author.
*E-mail address: gulcin.demirel@beun.edu.tr

bottom sediments. Additionally, MPs have been found in a
variety of aquatic animals, including mussels and fish, and
it has been shown that they can transfer within the plank-
tonic food web [2].

The diversity and composition of microplastics match con-
sumption trends for plastic goods quite well. Primary mi-
croplastics are produced in tiny sizes and can be employed
either directly, as the microbeads in toothpaste, soap, and
facial cleansers, or as precursors in industrial production
[3]. Anthropogenic activities, the hydrodynamic regime,
and regional characteristics are linked to the spatial distri-
bution and composition profile of microplastics. Areas with
a lot of anthropogenic activity, such as those with industry,
tourism, aquaculture, and residential processes, are high in
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microplastic concentration [4]. Aquacultural and fishing
activities are one of the important anthropogenic sources
in ponds, lakes and surface waters. Plastic ropes, nets, fenc-
es, boats, floats, cages, impermeable membranes, feeders,
oxygenators, and packaging materials used during these
activities are linked to the high abundance of microplas-
tics in the marine environment [5]. Microplastics may be
transported and deposited differently in coastal and marine
environments due to hydrodynamic characteristics such as
current velocity, turbidity, turbulence, and residual circula-
tion [6]. The study of Liu et al. [4] reported that microplastic
abundance was significantly influenced by the human pop-
ulation density, waste management efficiency, maritime ac-
tivity and hydrodynamic conditions. In particular, the ratio
of tidal range to average water depth showed a significantly
negative correlation with microplastic abundance (P<0.01),
whereas river plastic emissions and aquaculture production
were significantly positively correlated with microplastic
abundance (P<0.01). The methodological decisions, such as
the pore size of filter paper (PSFP), density separation (DS),
drying temperature (DT), sample depth (SD), identification
method (IM), and digesting method (DM), had a signifi-
cant impact on microplastic abundance as well (P<0.05).
The mesh size of the filter is an important parameter when
performing in situ monitoring because only particles larger
than the mesh size are retained, the smallest microplastics
are therefore missed and not counted. These small particles
make up a significant portion of the total mass and the total
number of microplastic particles expressed per volumetric
unit [7]. It was discovered that the mean concentrations
were two orders of magnitude higher when using a mesh
size of 50 um than when using a sample net of 330 pm. [8].
Microplastic transport is also influenced by the materials'
own characteristics, such as particle size and surface mod-
ification, as well as other environmental factors (e.g., pH,
light and dissolved organic matter) [4]. MPs consist of het-
erogeneous polymer mixtures of various shapes and sizes,
and they can be unevenly distributed in the aquatic environ-
ment. Overall, plastics with a higher density than water, like
polyesters (PES, 1.2-2.3 g/cm?) or polyvinylchloride (PVC,
1.2-1.6 g/cm?®), are more prone to sink to the bottom [9]. In
turn, the most produced polymers, such as polypropylene
(PP), polyethylene (PE), and polystyrene (PS), have a den-
sity lower than or similar to that of water (0.9-1.1 g/cm?),
and they are more likely to disperse from their sources [2].

Large efforts have been undertaken to gather data on the
prevalence of plastic in shorelines and the open sea, but few
studies have concentrated on peculiar maritime habitats,
such as ports. The port areas are constantly subjected to
intense anthropogenic pressures that significantly degrade
their quality. They serve as a source for spreading contam-
inants (including plastics) originating from land by con-
necting to the open sea [9]. Indeed, plastics entering the
port region may be carried by water currents outside the

basin but may also be impacted by sinking processes, just
as in any other marine ecosystem [10]. Due to the regular
dredging operations that result in silt resuspension from
the bottom, ports are a peculiar example of a marine envi-
ronment [11]. In addition to land inputs, ports are charac-
terized by the high presence of boats and vessels, which can
work as sources of plastics and microplastics (MPs) [12].

In the present study, MP contamination in a fishing port
was investigated by in situ bulk sampling. Three sampling
campaign was carried out, two of which is after the start
of the fishing season. The abundance of microplastics was
calculated and classified according to their size, shape and
color. Microplastic bioavailability was calculated by the Ne-
merow Pollution Index (NPI).

MATERIALS AND METHODS

Study Area

The sampling was carried out in a small fishing port, shown
in Figure 1, used mainly by small boats for fishing activities.
The port is in the city of Zonguldak/Tiirkiye located in the
western Anatolian part of the Black Sea. It is 390 m in wide
and 170 m in length with a varying depth of 7-10 m. It is
not used for commercial sea transportation and there are
approximately 110-120 boats of different sizes registered.
The sampling area was divided into 3 regions; the coast,
middle and seaside. Four samples were collected at each
region and a total of 12 samples were collected in each sam-
pling campaign. Sampling was carried out on three differ-
ent days in 2020 as; August 28, September 3 and September
21. A notable point in the sampling dates is that September
1 is the beginning of the legal fishing season in Tiirkiye.

Sampling and Analysis

Bulk surface water samples were collected from 0-60 cm
depth with a metal bucket suspended from a fishing boat.
The sampling method was adopted from literature studies
with a modification of sample size [13, 14] Before sampling,
all the materials were rinsed with first tap water then dis-
tilled water and then seawater (for each sampling point).
A fisherman's boat was used to reach sampling points. At
each sampling point, a metal bucket was immersed in water
and 15 L sample was collected. Then it was passed through
a 5 mm and 0.045 mm stainless steel sieve respectively. Big-
ger particles remaining on the 5 mm sieve were removed
and the materials remaining on the 0.045 mm sieve were
washed into glass jars with distilled water and stored at
+4°C until analysis.

Pre analysis methods were carried out based on previous
studies [15-17] At the laboratory, organic material was re-
moved from the samples by acid ingestion. For this purpose,
10-25 ml of 30% Hydrogen Peroxide (H,O,) was added to the
samples and were shaken at 80 rpm for 2 days. Mixing was
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Figure 1. Sampling area and sampling points.

carried out at 40 °C to accelerate the reaction if necessary. The
density separation was provided by adding saturated sodium
chloride solution to the sample and by keeping it overnight.
After filtering through a Whatman GF/C filter the samples
were ready for visual analysis. Visual analyses were per-
formed by Euromex NZ.1903-P stereo microscope equipped
with ImageFocus Alpha software and a camera attached to
it. The number, color (red, blue, green, black, yellow, white,
transparent and others), shape (fiber, fragment, pellet, foam),
and size of all detected microplastics were recorded.

Microplastic Bioavailability

Currently, no standardized procedure has been developed
to assess the potential environmental risk of MPs exposure.
However, the bioavailability of the microplastics in the port
was calculated as in the study of Liu et al. [4] (2022) using
Nemerow Pollution Index (NPI) by Equation 1.

M

where Ci represents the measured MP abundance and Si
refers to the maximal regulatory abundance for regulatory
standard [4] Si value was taken as 6650 particles /m’ seawa-
ter [18]. When the NPI value is <2 the bioavailability level is
low and if it is >2 then the bioavailability is high.

Statistical Analyzes

SPSS 15.0 was used to summarize the basic statistics and
analyze the differences between the groups. The statistical
significance of the difference between the sampling cam-

Table 1. Basic statistical results of microplastic abundance

Date Statistical parameter (items/m?)

Mean Min. Max. Std. Dev.
Augu 28 2800 1200 5600 1393
Sept 3 3425 1400 5300 1404
Sept 21 4017 2500 5900 1239
Total 3417 1200 5900 1401

paigns was evaluated by non-parametric statistical tests.
Although parametric tests are more powerful tools to ex-
plain the differences between the groups, in cases where
parametric test assumptions are not met, non-parametric
tests can be used to examine these differences.

RESULTS AND DISCUSSION

Abundance of Microplastics

Microplastics were detected in all water samples collected
from the Kilimli port and basic statistics are given in Table
1. A total of 1847 MP were determined at the end of three
sampling campaigns (505 MP in August, 619 MP in Sep-
tember 3 and 723 MP in September 21) with an average
of 3400+1400 items/m’ and a range of 1200 to 5860 items/
m’. The average abundance of microplastics in the first and
second sampling were 2800+1400 and 3400+1400 items/m?
while it was determined slightly higher in the third sam-
pling campaign as 4000+1230 items/m”’.

In this study, since the number of samples is small (<30)
and the data is not normally distributed for each group
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Table 2. Normality test and differences between the groups

Sampling date Shapiro-Wilk Friedman test

Statistic df Sig. Mean rank
Augu 28 0.810 12 0.012 1.50 Chi-Square: 6.00
Sept 3 0.908 12 0.199 2.00 Df 2
Sept 21 0.910 12 0.213 2.50 Asymp.Sig.: 0.05

Figure 2. Boats in the port on a routine day (top photos) and on September 21 (photo below).

(Shapiro-Wilk test), the Friedman test, which is the
non-parametric equivalent of the one-way analysis of
variance, was used to explain the differences between the
groups (Table 2). In Table 2, it can be seen that the data
of the second (Sept 3) and third (Sept 21) sampling cam-
paigns shows a normal distribution (p>0.05), while the
August sampling campaign did not (p<0.05). The differ-
ence between the groups was evaluated from the result of
the Friedman test which indicates a significant difference
between the three sampling dates (p=0.05). The mean
rank column shows the order of the mean values where
the MP abundance is the highest on the 3™ date, followed
by the 2" and the first date. The evidence about the im-
pact of human activities on the presence of microplastics
can be observed in the data. As mentioned before the first

of September is the opening of the legal fishing season in
Tiirkiye. After that day fishermen start heavy fishing ac-
tivities using larger fishing nets instead of angling. Fur-
thermore, even larger boats from other cities of the Black
Sea participate in fishing activities in the port from time
to time which was also encountered in the third sampling
campaign of our study (Fig. 2).

The main sources of plastic pollution in the port are vary-
ing solid wastes arriving from owners of the boats and lo-
cals as a result of human activities. An unusual increase in
human activities can also be associated with an increase
in the amount of MP. Here, a prediction can be made
about this relationship, but the effect of fishing activities
on MP concentration can be proved by a more detailed
sampling study. The big boats anchored in the port at the
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Figure 3. Microplastic distribution at sampling points
along the port.

third sampling date were stuffing the fish into the crates
and transporting them to trucks over a belt. This activity
can be considered one of the unusual activities that may
increase MP concentrations. In the field observations,
plastic bottles, packaging wastes and styrofoam particles
were recorded in addition to polypropylene grass carpets
and piles of tools used in the fishing activities. All these
wastes can act as microplastic sources degrading by sun-
light, waves, and wind.

The distribution of MP along the sampling points given in
Figure 3 shows that microplastic abundances were high-
er in land sampling points but the difference between the
land, middle and seaside sampling points was not statis-
tically significant (p>0.05). The maximum abundance of
MP was 5900 items/m® at sampling point L1 and an av-
erage of 3800+1320 items/m’. Because the boats are tied
to the coast and launched to the sea from this region,
there are lots of plastic sources like ropes, spherical plastic
pontoons, and various plastic junk. The average number
of microplastics in the middle and seaside samples were
3500+1430 and 3000+1400 items/m?>. It is difficult to com-
pare the results of different microplastic studies because
there is no uniform standard for recording microplastic
data. Sampling methodologies, concerning particle size,
time and date of sampling, and even quantification units
differ for various studies [19]. The first study on MP pollu-
tion on the Anatolian coast of the Blacksea was conducted
by Aytan et al. [20] (2016) on the southeastern coast of
the region. Average microplastic abundance was 1.2+1.1
x 10% items/m? in November and 0.6+0.55 x 10° items/m?
in February. The primary shapes were fibers (49.4%) fol-
lowed by plastic films (30.6%) and fragments (20%), and
no microbeads were found. In the study of Terzi et al. [21]
(2022) MP concentration along the whole Anotalian part
ot the blacksea was investigated. They reported a mean
abundance of 18.68+3.01 items/m’ and furthermore they
concluded that the highest MP abundances were gathered
from some of the sampling points at the western and Mar-
mara region. The study of Sonmez and Sivri has reported
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a 0 to over 1 items/m*> MP in Istanbul with a dominant
size of 249-100 um and color of transparent [22]. As can
be seen microplastic concentrations fluctuate over a wide
range of studies all over the world. The heterogeneity in
the reported MP concentrations could be related to sev-
eral factors as mentioned before. First of all, every sam-
pling area/region is unique in terms of meteorological,
hydrological, and hydrodynamic parameters in addition
to the presence and diversity of natural and anthropogen-
ic sources. Secondly, the lack of a standardized protocol
for sampling and analysis is still a handicap in the field
of microplastic research. While Egessa et al. reported 0.73
items/m’ in Lake Victoria, a range of 21000-49000 items/
m? were addressed in Manas River Basin, China [17, 23].
Filtering or digestion of organic materials could also af-
fect the identified MPs. When considering the sampling
location; the distance from the coast and the influence of
hydrodynamic properties such as currents, up and down-
welling, gyres and fronts could also be responsible for the
heterogeneity in MPs concentrations [24]. Desforges et al.
[25] reported 4-27 times greater microplastic concentra-
tions at the nearshore sampling sites than the offshore in
the ME Pacific Ocean. They also reported increased plas-
tic sizes from coast to the offshore. A study by Garces-Or-
donez et al. [26] 2022 investigates the effect of sampling
depth, distance from river mouth and distance from pop-
ulation centers to microplastic concentrations. Although
no relationship was reported for water depth, the micro-
plastic concentration significantly decreases by distance to
the river mouth and population center.

In our study, a small mesh size of 45 um has resulted in
relatively higher concentrations when compared to most
of the studies. Schonlaua and friends investigated the mi-
croplastic concentration in open surface waters by using
a manta trawl and in-situ filtering pump. They reported
a higher concentration of microplastic particles in pump
samples compared to trawl sampling. Moreover using a
smaller mesh size of 0.05 mm has also resulted in higher
concentrations [27].
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Figure 5. Shape and size distribution of microplastics.

Morphological Properties of Microplastics

Eleven different microplastic colors were observed under
the microscope as; black, white, red, blue, green, grey, yel-
low, orange, purple, transparent and brown as shown in
Figure 4. The dominant color was blue, followed by black,
green, red, white and grey. The remaining colors were de-
termined in a small number of samples so they were classi-
fied as others.

The shape and size distribution of the microplastics are
presented in Figure 5. The most common forms of micro-
plastics were fibers which are mostly blue in color and are
over 60% in all sampling points. These fibers are thought
to arrive from intense fishing activities by abrasion of fish-
ing nets and lines. These results are consistent with field
observations where blue fishing nets were recorded. The
abundance of granular microplastics is between 12-31%
followed by pellets 0.8-7% and films 0.46-4.42%.

The prevalent size of microplastics is <50 pm, followed by
50-250 pm and 250-500 pm. Microplastic with a size of
>1000 pm, 750-1000 and 500-750 were detected in only
one sample during the all sampling campaigns. The smaller
size of determined microplastics can be suspected to be in-
gested by smaller fishes.

Bioavailability

The interacting of organisms with microplastics increases
as a result of increasing environmental concentrations. It
is well known that microplastics are available for ingestion
by marine biota due to their small sizes. Microplastics can
collect in the gut, the digestive gland, the gills, or the liv-
er of some organisms after consumption or they can be
moved along the digestive system until elimination [28].
Microplastics can have negative impacts on aquatic species
when they are ingested or adsorbed to them. It can affect
the number of species or their biomass at the population
level and can have an impact on survival, reproduction,
growth, feeding, emergence, embryonic development and

photosynthetic effectiveness at the individual level. The se-
verity of the effects varies depending on the properties of
the microplastics, their concentrations and the exposure
time [29]. Microplastic ingestion mainly depends on bio-
accessibility. The NP value which shows the bioavailability
of microplastic was calculated as 0.72 in our study which
indicates a low bioavailability (<2). High levels of bioavail-
ability were reported for Beibu Golf and Sanggou Golf with
NPI values being 8.48 and 4.42 respectively.

Energy and nutrient flow via both individual species and
ecological networks may be affected by plastics. For that rea-
son, it is crucial to understand the entry and transfer path-
ways of plastics through food webs. Jams and his friends
have researched the relationship between the body length
of an animal and ingested plastic size from published litera-
ture. They reported that animal body length alone explains
42% of the variation in the length of plastic an animal may
ingest, resulting in a size ratio of about 20:1 between animal
body length and the largest plastic the animal may ingest
[30]. Their study has reported the relationship between in-
gested plastics and a minimum plastic size of 0.2 mm and
a maximum of approx. 800 mm. Plastic sizes between 0.2
mm and 1 mm can be ingested by animals with a body
length of 6-200 mm. Black Sea meets 76% of Tiirkiye's fish
production. Of the fish caught from the Black Sea, 61.5% is
anchovy, 26% is sprat, 4.3% is Black Sea horse mackerel and
2% is bonito. Their average body length is approx. 120, 130,
250 and 350 mm so these are susceptible to MP exposure.
The study of Aytan et al. [20] proves the presence of MP
in these species where they investigated the occurrence of
MP in seven commercial fish species of the Black sea. They
reported a 0.81+1.42 mean number of plastic particles per
fish. Plastics were detected in 190 of the 650 fish analyzed
of which 93.2% were micro (<5 mm), 6.5% meso (5-25
mm) and 0.3% were macroplastics (>25 mm). Fibers were
the most frequent type of plastic (68.5%), followed by films
(19%), fragments (11.9%), foams (0.3%), and microbeads
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(0.3%). Black (39.3%) and blue (19.5%) were the most pop-
ular plastic colors, followed by transparent (18.1%). The
length of plastics ranged from 0.05 to 26.5 mm with an av-
erage of 1.84+2.80 mm. The plastic occurrence was highest
in bonita (plastic in 70% of the analyzed individuals [31].

Conclusion and prospects

This study was conducted to investigate microplastic pol-
lution in a small fishing port, which can be considered as
a closed marine environment. Our study has reported pre-
liminary evidence about the effect of increasing fishing ac-
tivities on microplastic abundance. The Black Sea has twice
as much floating macro litter, mostly plastic, than the Med-
iterranean, according to a study on the environment funded
by the European Union and the United Nations Develop-
ment Programme (UNDP) [32]. The average abundance of
MP was 3417+1401 items/m’. A slight increase observed af-
ter the fishing season and between the two different fishing
days shows the influence of fishing activities.

Further study is required that includes identification of the
polymer types, the prevalence in the biota and indeed sedi-
ment samples. It is also necessary to evaluate the daily habits
of the fisherman and test their awareness regarding the factors.
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INTRODUCTION isotopes such as **U, U, and #*U with a natural abun-
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radiation and they exist ubiquitously in nature such as in
soil, rock, and water with low concentrations [1]. Howev-
er, due to anthropogenic activities, a significant portion of
U is accumulated in the environment. First of all, in the
past, several serious nuclear power plant accidents took
place such as the Fukushima nuclear disaster (2011), the
Chornobyl disaster (1986), the Three Mile Island accident
(1979), and the SL-1 accident (1961) [2-5]. Secondly, vari-
ous radiological incidents occurred in the world such as the
Kyshtym disaster, the Windscale fire, the radiation accident
in Morocco, the Goiania accident, the radiation accident
in Mexico City, and the Mayapuri radiological accident in
India [6-8]. Thirdly, some major nuclear submarine acci-
dents happened including the K-19 (1961), K-11 (1965),
K-27 (1968), K-140 (1968), K-429 (1970), K-222 (1980),
K-431 (1985) accidents [9-14]. Finally, U-containing
wastewater is discharged by the processing of mining and
ore industries [15]. Due to all these phenomena, air, soil,
and particularly water is prone to be a major source of U
contamination. In radioactive wastewater, U is present with
the principal valence states U(IV) and U(VI) depending on
the redox environment [16]. However, U(VI), in the form
of uranyl ion (UO,’+) and with multi complexes, is more
soluble and widely present in radioactive wastewater and
seawater for its highly migratory performance [17]. Thus,
U(VI) can arrive at the top of the food chain where it is con-
sumed by humans. Since all isotopes of U have mutagenic
and carcinogenic properties, they are responsible for harm-
ful effects on the human body such as liver damage, skin
problem, kidney damage and even death [18-22]. Not only
they are detrimental to human beings but also, they can
cause significant damage to the aquatic environment. Thus,
to protect humans and the biodiversity of the ecosystem,
effective recovery of U by selective isolation of U(VI) from
aqueous solution and sea water is of immense importance.

In the past, many approaches were applied to uptake the
U(VI) from an aqueous solution, such as solvent extraction,
chemical precipitation, flotation, ion exchange processes,
biological treatment, and adsorption [23-34]. Among these
techniques, adsorption is one of the most effective methods
for U(VI) removal from wastewater and seawater because of
its excellent efficiency, cost-effectiveness, and simple oper-
ation, and hence, the technique has gained much attention
[35-40]. So far, several ligands such as imidazole, amidox-
ime, and phosphoryl groups were studied [41-46]. These
organic ligands enhance adsorption selectivity and capacity
towards uranyl ions which are tightly bonded or chemically
grafted into adsorbents. However, the solid carriers are also
vital parts of adsorbents besides these ligands because in
unfavorable conditions like extreme pH, temperature, and
radiation dose they must be survived entirely. Furthermore,
these polymers should have suitable surface area and struc-
ture so that active groups could be covalently connected on
their structures. In recent times, graft polymer becomes a

great blessing in the field of removal of heavy metals from
aqueous solution [47-50]. In this case, the adsorbent has
a higher value of adsorption capacity, and its ability to
reuse reduces the probability of secondary pollution. In
this method, functional monomers are covalently bonded
onto the parent polymer chain. The reason for being most
successful method of this is that this technique allows the
blending of various functions of the grafted monomer to the
parent polymer without disturbing the mechanical proper-
ties of the parent polymer [51-53]. Along with the other
methods for initiating graft copolymerization like plasma
treatment, decomposition of chemical initiators, ionizing
radiation, ultraviolet light, and oxidation of polymers, the
radiation-induced grafting technique is advantageous. To
some extent, it is more suitable for its extensive penetration
into the polymer chain and its rapid and uniform formation
of radicals [54]. Available methods of radiation polymeriza-
tion involve direct irradiation of fiber in monomer solution,
vapor phase irradiation method, and pre-irradiation [50].

Many researchers have reported the elimination of toxic and
heavy metals by radiation-grafted polyethylene covalent-
ly bonded with single or binary monomers (PE) [55-59].
Guo et al. [60] developed a facile route for the fabrication
of polyethyleneimine-functionalized reduced graphene
oxide/molybdenum disulfide composition aerogels (PEI-
rGO/MoS2 CAs) and applied them to adsorb U(VI) from
aqueous solutions successfully. In another investigation,
Das et al. [61] showed graft polymerization of acrylonitrile
and vinyl-phosphonic acid onto polyethylene fiber is a good
candidate to adsorb U(VI) from seawater. In the present
study, the preparation of a new adsorbent to remove U(VI)
ion based on nonwoven PE fabric was attempted by pre-ir-
radiation grafting. Non-woven polyethylene (PE) fabric is
known for its excellent mechanical and thermal properties
and low cost. Grafting was carried out by binary monomers
of acrylic acid (AAc) and diallyl dimethyl ammonium chlo-
ride (DADMAC). The grafted polymer was characterized
by employing Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), and Ther-
mogravimetric Analysis (TGA).

MATERIALS AND METHOD

Materials and Reagents

The mother polymer of non-woven polyethylene (PE)
fabric used for preparing grafted adsorbent was collect-
ed from Kurashiki Textile Manufacturing Co. Ltd., AAc
(99%) and DADMAC (65% in water) were procured from
Sigma Aldrich (USA) and Fluka Chemie AG CH-9470
Buchs respectively utilized as monomers to graft onto PE.
NaOH, NaCl, and HCl were supplied by Merck, Germany.
Uranyl nitrate [UO,(NO,),.6H,0] was supplied by BDH
Chemicals Pvt. Ltd., England and Arsenago III was sup-
plied by Fluka, Switzerland.
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Figure 1. Reaction pathways for grafted PE-AAc-DADMAC formation.

Figure 2. PE- g-AAc-DADMAC polymer before adsorption (a) and PE- g-AAc-DADMAC polymer after adsorption with

U(VI) (b).

Instruments and Apparatus

The irradiation of PE was conducted by the Co-60 gamma-ir-
radiator (Panoramic Irradiator of 90 kCi Batch Type collected
from BRIT, India) from Institute of Food and Radiation Bi-
ology (IFRB), Atomic Energy Research Establishment, Savar,
Dhaka, Bangladesh. IR Prestige-21, supplied by Shimadzu Cor-
poration, Japan, was used to investigate FTIR-ATR in the wave
number range of 700-4000 cm™. U(VT) ion concentration from
the aqueous solution was analyzed by UV-VIS spectrophotom-
eter (Model: UV2401PC from SHIMADZU, Japan). Scanning
electron microscopy (Model JSM-6490LA, JEOL) was used to
measure the change in surface morphology after grafting.

Preparation of Grafted Polymeric Adsorbent

In this study, non-woven polyethylene sheets were cut into
pieces with 10 cm in length and 2 cm in width and put into
airtight packets. Then these non-woven PE films were irradi-
ated with 50 kGy radiation dose at ambient temperature. The
irradiator activity was 50 kCi at the time of irradiation and
the dose rate used was 13 kGy/h. As soon as the irradiation
was completed, the irradiated PE films were preserved quick-
ly under dry-ice condition until use. The monomer solution
was prepared by the addition of 30 g DADMAC and 30 g AAc

to 150 mL distilled water. The monomer solution was taken
into a beaker and heated at 70 °C on a hot plate for half an
hour to make a clear solution. Then the solution was placed
in the gas-passing bottle where argon gas was passed for 40
minutes. The monomer solution was bubbled with argon
gas to remove dissolved oxygen. The previously preserved
irradiated nonwoven PE films were taken into tubes and im-
mediately the deaerated monomer solution was poured into
the tubes. When the tube was fulfilled with monomer solu-
tion, it was securely closed with a lid to escape the invasion
of oxygen from the air into the monomer solution as soon
as possible. Afterward, the grafting reaction was carried out
in a water bath at a temperature of 80 °C for 4 hours. Then,
the grafted PE fabric was washed properly to remove the re-
maining monomers and homopolymers. Finally, upon wash-
ing and drying, it was ready to be used in the experiment.
Schematic diagram is presented in the Scheme 1. The degree
of grafting was determined by the following formula:

€Y

-W,
X100 ... ee
0

W,
DG(%) = —

Where, DG(%) = Degree of grafting
W, (g) = Weight of the PE fabric after grafting
W (g) = Weight of the PE fabric before grafting
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Figure 3. Radiation dose vs degree of grafting (a) and FTIR spectrum of PE and PE-g-AAc-DADMAC films (b).

U(VI) Adsorption by DADMAC and AAc onto Nonwoven
Irradiated Polyethylene Fabric

Adsorption criteria were studied by changing contact time,
concentration, pH, alkali treatment, and temperature of the
U(VI) solution to notice the effect of the adsorption process.
A constant weight of absorbent was kept in a beaker inside
the U (VI) solution. After adsorption, the white adsorbent
depicted in Figure 1a turned yellow shown in Figure 1b and
the U concentrations before and after absorption were deter-
mined by the Arsenazo-III spectrophotometry method [62].
To measure U(VI) concentration, UV-Vis spectrophotom-
eter color complex formation is vital. Thus, 4 mL of U (VI)
solution was taken into a 50 mL volumetric flask and added
0.5 mL of IM HCI, 5 mL of 0.01% Arsenago and then filled
the volumetric flask up to the mark with deionized water.
Then sample concentration was determined by UV-Vis spec-
troscopy at the wavelength of 652 nm. Using the following
formula adsorption capacity of the adsorbent was calculated,

Qo = v X Voo (2)

Here,

Q, = Adsorption capacity of the adsorbent (mg/g)

W = Mass of dry adsorbent (g)

V = Volume of Metal ion solution (L)

C, = Initial concentration of metal ion before adsorption (mg/L)

C, =Final concentration of metal ion after adsorption (mg/L)

Desorption of U(VI) Ion and Reuse of the Adsorbent

U(VI) was desorbed from the adsorbent by treating it with
HCI. After adsorption, the adsorbent was placed into 20 ml
of 1M HCl solution in a beaker. The yellow color of the ad-
sorbent turned into white quickly. After 5 hours the solu-
tion of U(VI) was separated from adsorbent. The formula
used to calculate desorption percentage is given below:

. __ Desorbed ions (mg)
Percentage of desorption = Adsorbed lozs (mg) x 100............(3)

After desorption of the metal ion, the adsorbent was again
capable for reuse to remove U(VI) by the same method.

RESULTS AND DISCUSSION

Degree of Grafting with Radiation Dose

There was a strong relationship between the degree of graft-
ing of the adsorbent with radiation dose represented in Fig-
ure 2a. When the radiation dose increased from 10 kGy to
50 kGy, the degree of grafting climbed linearly from 50% to
598% which was the maximum degree of grafting. Hence,
for the experimental works, 50 kGy grafted PE was selected
to be used.

FTIR Analysis

Figure 2b shows the FTIR spectrum of PE and PE-g-AAc-
DADMAC films. The FTIR pattern of PE showed the main
characteristic peaks at about 2910 cm™, and 2845 cm™! were
resulted from C-H asymmetric and symmetric stretch-
ing vibrations from methylene groups, respectively. The
bands at 1464 cm™ and 1373 cm™ were observed due to
the symmetric and asymmetric bending vibrations of the
C-H bond the methylene group. Besides, Figure 2b also
demonstrated the band at 1721 cm™ due to the carbonyl
bond of AAc, and another peak at 1163 cm™ was seen due
to the C-N fundamental vibration of DADMAC. Hence,
the above analysis confirms the addition of DADMAC and
AAc on the PE sheet.

SEM Analysis of the Adsorbent

To relate the physical characteristic of nonwoven bare PE
with PE-g-AAc-DADMAC scanning electron microscopy
of nonwoven PE and grafted PE were analyzed. The SEM
image of the bare nonwoven PE fabrics showed the trans-
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Figure 4. SEM images of PE (a) and grafted PE films (b).
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Figure 5. TGA of PE (a) and grafted PE films (b).

formation of the physical appearance after grafting with
DADMAC and AAc. A layer of grafted chains covering the
surface of PE film could observe after grafting with mono-
mers, which was also seen in another study [63]. The SEM
image of non-woven bare PE film is shown in Figure 3a
and the SEM image of DADMAC and AAc grafted PE is
shown in Figure 3b. The average diameter of fibers increas-
es slightly and distributes more closely which indicates the
additional surface due to grafting.

TGA Analysis of the Adsorbent

The thermogravimetric analysis (TGA) thermograms for
PE film with DADMAC and AAc grafted PE adsorbent are
shown in Figure 4 to understand thermal stability and de-
composition and present clear differences in thermal stabil-
ity between them. The original PE film in Figure 4a showed
thermal stability up to 220 °C and above 220 °C it start-
ed to be decomposed. It showed two decomposition steps,

i.e., 220 °C-540 °C and above 540 °C. On the other hand,
grafted PE film in Figure 4b decomposed more quickly than
bare PE film and started weight loss (5%) at 50 °C due to
the loss of moisture absorbed from the air. Then it followed
four weight loss stages 50 °C-170 °C, 170-257 °C, 257-479
°C, and above 479 °C which were for degradation of graft-
ed chain and degradation of the PE backbone. Above 479
°C the grafted PE film decomposed more than 90%. The
thermal stability of DADMAC and AAc grafted PE film was
lower than that of the original PE film might be due to the
less thermal stability of monomers.

Effect of Treatment of the Adsorbents with NaOH
Solution

The adsorbents were treated with NaOH solution to observe
the effect of the adsorption capacity of grafted film of the PE-
AAc-DADMAC sheet. The prepared adsorbents were sunk
into 40 mL of NaOH solution with three different concentra-
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Figure 6. Treatment effect of the adsorbent (a); adsorption capacity vs pH (b); capability of adsorption vs temperature (c);
Effect of contact time on U(VI) adsorption capacity with pH 3.2 and initial U(VI) concentration 1000 ppm (d).

tions such as 0.01M NaOH, 0.05M NaOH, and 0.1M NaOH.
The adsorbents were dipped in each solution with constant
stirring for 1, 2, 3 and 4 minutes respectively and washed
immediately after the said times. These phenomena are
graphically represented in Figure 5a. The adsorption capac-
ity of the prepared adsorbents increased when treating with
higher concentrations of NaOH solutions. However, above
the concentration of 0.01M NaOH, the adsorbents swelled
much, and degradation was observed. A 1000 ppm 10 mL
solution of U(VI) was taken, and adsorption capacity was
measured. It was found that the adsorption capacity was 100
mg/g for the untreated sample and 155 mg/g for the treated
samples (treated with 0.01 M NaOH for 4 minutes stirring).
Therefore, in this study for all experiments, the adsorbents
were treated with 0.01M NaOH solution for 4 minutes.

U(VI) Adsorption Effect with pH of the Solution
The adsorption capacity of the prepared composite graft-
ed film of PE-AAc-DADMAC sheet was studied with 800

ppm of U(VI) solution of pH 1.5 to 8.5 shown in Figure 5b.
The pH of the U(VI) solution was adjusted by different con-
centrations of HCL and NaOH solutions. From the graph,
it is shown that the effect of pH on U(VI) adsorption was
significant for both samples of treated (with 0.01M NaOH
solution) and untreated adsorbents. The pH of the mother
solution showed acidic (pH=3.3) and in this condition, the
adsorption capacity was found to be 80 mg/g and 90 mg/g
for untreated and treated adsorbents respectively. However,
for both the cases, adsorption capacity increased with in-
creasing pH values from 1.5 to 7.1. Less adsorption capacity
was measured below pH 3.3. However, when the pH of the
solution increased, the uptake of metal jons enhanced and
hence the higher adsorption capacity was observed. At low
pH levels, protonated functional groups increased which
repulsed the positively charged U(VI) ions resulting the re-
duction of adsorption of U(VI) cations. On the other hand,
higher adsorption capacity was found at higher pH. At
higher pH, number of hydroxyl ions increased. As a result,
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Figure 7. Adsorption kinetic model (a) Pseudo-first order (b) Pseudo-second order.

Table 1. The parameters of adsorption kinetics and adsorption isotherms

Kinetic models

Isotherm models

Pseudo K, Q, K, R? Q, n Kf R?
Order -1 0.083 79.430 0.915 Langmuir 333.333 0.993
Order -20¢ 166.660 305.550 0.999 Freundlich 1.46 2.328 0.983

the proton’s competitive action on the metal ion decreased
[31, 45]. In a previous study, Sun et al. [17] found that ad-
sorption capacity increased when pH was increasing from 2
to 7. But at higher pH, U(VI) solutions became more turbid
because of the precipitation formation of U complex [64].
pH 3.3 was set fixed for all the parameters of this study.

U(VI) Adsorption Effect by Temperature

To understand the effect of temperature, the adsorption ca-
pacity was studied with different temperatures such as 25
°C, 50 °C, 69 °C, and 94 °C with 200 ppm U(VI) solution.
The solutions were heated for 4 hours except for the 25 °C
while maintaining a constant pH. From the graph, it is seen
that temperature plays an important role in the adsorption
capacity of the adsorbent. This phenomenon is observed
in Figure 5¢c where the adsorption capacity enhanced with
increasing temperature. At 25 °C, adsorption capacity was
only 18 mg/g, on the other hand, it raised to 67 mg/g at 94
°C. It suggested that the adsorption exhibited an endother-
mic behavior. It also indicated that the adsorption process is
more effective at higher temperature because it needed suffi-
cient energy to decompose U(VI) hydration [31]. The trend
was similar with the other studies such as Yuan et al. [46].

U(VI) Adsorption by DADMAC and AAc Grafted PE
Film with Standing Time (hr)

There is a relationship that has been established between
contact time on U(VI) adsorption from aqueous solu-

tion which is depicted in Figure 5d. The grafted-PE films
were treated with 40 mL of 0.1 N NaOH solution and
kept into the aqueous solutions of U(VI) and maintained
the solution with constant pH (pH 3.3) and initial metal
ion concentration of1000 ppm at room temperature (25
°C). The concentrations of U(VI) ions in aqueous solu-
tion were measured at a regular time intervals. From the
process, it was seen that, at the initial stage, the U(VI)
adsorption rate was rapid and after that the adsorption
reached gradually toward equilibrium. After 29 hours,
96.87% adsorption was completed with the adsorption
capacity of 155 mg/g, and after 48 hours, the adsorption
capacity reached to an equilibrium and the value was
160 mg/g. This trend is similar to another study where
70-90% Cu (II) adsorption completed within 120 min-
utes and, after that, the adsorption rate became slower
till equilibrium [65]. The experimental data are present-
ed graphically in Figure 5d.

To get deeper understanding of U(VI) adsorption, the mea-
sured data of adsorption were analyzed using pseudo 1%
and pseudo 2™ order kinetic model. The linear mathemati-
cal forms of these models are shown by equations (4) - (5),
respectively

log(@e — Q0 = —

Ky
2.303

(Qit) - (m) + Qie e (5)

) X t 4 L0g Qg o oo o o (4)
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Where Q, (mg/g) represents adsorption capacity at equilib-
rium and Q, (mg/g) indicates adsorption capacity at time t
(h), K,(/h) and K, (g/mg/h) denote the first and second-or-
der kinetic constants, respectively. The rate constant for the
pseudo first-order kinetic model could be determined by
plotting log (Q,-Q,) versus t as shown in Figure 6a and the
values of K, and Q, can be calculated from the slope and
intercept of the line graph. The values of K, Q, R* (cor-
relation coeflicient) for U(VI) adsorption are presented in
Table 1. Results revealed that the experimental Q, value
(160 mg/g) and Q, value (79.43 mg/g) measured from the
first-order kinetic model were different from each other.

Further, the pseudo-second-order rate constant can be de-
termined from the graph of é against t shown in Figure 6b.
The values of K2, Q, and R? are shown in Table 1. It is ob-
served that the experimental Q, value (160 mg/g) and the Q,

value (166.67 mg/g) measured from the pseudo-2"-order
kinetic model match with each other and the R? value (0.99)
was relatively higher and very close to unity compared to
the pseudo-first-order kinetic model (R?>= 0.91). Hence, the
adsorption process of U(VI) uptake followed the pseudo
2" order equation and might be regarded as chemisorption
process with chelation and electron transfer between U(VI)
and organic monomers which is similar with Li et al. [36].
In that study, pseudo-2"-order kinetic model fitted better
at low pH. Since the adsorption followed the pseudo 2
order model, therefore, the intra-particle diffusion process
might have happened in the rate-determining step [65].
Moreover, the maximum adsorption capacity for U(VI)
removal of this study was compared with previous studies
which are shown in Table 2.
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Adsorption Capability with Initial Concentration of
Metal Ions

Figure 7a shows the relationship between the initial con-
centration of metal ions (200 mg/L-1000 mg/L) and the
adsorption capacity. This figure depicts that the adsorp-
tion of metal ions increased with increasing initial metal
ion concentrations up to 1000 mg/L for both the cases of
treated with 0.01 N NaOH and untreated adsorbents. When
the concentrations of U(VI) ions increased the probability
of interaction between adsorbate and adsorbent enhanced.
This interlinkage prompted adsorption capacity [35].

Adsorption Isotherm Models

The adsorption isotherm defines surface metal-ligand in-
teraction processes. The Langmuir and the Freundlich
adsorption isotherms are usually applied for better un-
derstanding of adsorption isotherm. The main difference
between the Freundlich and the Langmuir adsorption iso-

Table 2. Adsorption capacity of different adsorbents for U (VI)
ion removal

Adsorbents Adsorption Ref.
capacity
(mg/g)
Flax fiber 40.9% [68]
Silicon dioxide nano-powder 10.15%4* [69]
Nano-goethite powder 104.22% [70]
Commercial ceramic 11.43*%* [71]
Flower-goethite (TDFLG) 48.24%* [72]
Flower-goethite (MTDFLG) 112.35%* [72]
PE-g-AAc-DADMAC film [This study] 160*
PE-g-AAc-DADMAC film [This study] 333.33%*

Ref: References; *: Maximum adsorption capacity from experimental value;
**: Maximum adsorption capacity from Langmuir isotherm model; ***: Maxi-
mum adsorption capacity from Pseudo-second-order kinetic model.

therms is that Freundlich adsorption isotherm is empirical,
whereas Langmuir adsorption isotherm is theoretical. The
homogeneous method of Langmuir adsorption is demon-
strated by the following linear equation:

Ce Ly 1
Qe Qo (Qob)

Where C, (mg/L) and Q, (mg/g) are the concentration of
the metal ion and capacity of the adsorption at equilibrium,
Q, (mg/g) represents the saturation adsorption capacity
and b (L/mg) is the Langmuir adsorption constant. Q and
b can be calculated by the slope and intercept of the plot of
Leys C, of the treated samples, which is shown in Figure 7b
and summarized in Table 1. The value of maximum adsorp-
tion capacity, Q, was found to be 333.33 mg/g, which is very
similar to another study of U(VI) adsorption, where Q was
333.13 mg/g [66]. The dimensionless separation factor, R ,
is an important characteristic in Langmuir adsorption iso-
therm, can be expressed as,
1

~(1+Qb)

Where Q is the maximum adsorption capacity, b (L/mg) is
the Langmuir adsorption constant. The value of R, indicates
the type of isotherm to be either unfavorable (R, > 1), favor-
able (0 <R <1),linear (R = 1) and irreversible (R, = 0.00).

R,

By following Langmuir equation, the values of Q_ [=333.333
(mg/g)], R, (0.19) and R* (0.993) indicated that the adsorp-
tion data was well-fitted with the Langmuir adsorption iso-
therm model.

The Freundlich isotherm illustrates multilayer adsorp-
tion on heterogeneous surface and expressed by the lin-
ear Equation:

1
log Qe =InK; + — (10gCe) v ... ®)
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Here, the Freundlich constants, which are represented by
K, (mg/g) and n (L/mg) calculated from the intercept and
slope of the plot of log Q, vs log C, of the treated samples, are
shown in Figure 7c and summarized in Table 1. n represents
good, moderately difficult, and poor adsorption character-
istics when the values of n are in the range of 2-10, 1-2,
and less than 1 respectively. From the slope, the value of n
was found to be 1.46. Thus, by analyzing the values of n and
R?, it is understandable that the adsorption process is more
compatible with the Langmuir adsorption isotherm model
than the Freundlich adsorption isotherm model, indicating
that PE-g-AAc-DADMAC implemented the specific ho-
mogenous sites and provided monolayer surface [46].

Adsorption Mechanism

Based on the results discussed above, mostly, the binding
motifs of uranyl moiety with grafted PE-AAc-DADMAC in
Scheme 2 were suggested where D1, D2, D3 and D4 binding
motifs are presented. Binding motifs shown in D1 and D2 are
U-O monodentate and bidentate covalent coordinate bond
formation with coordination number three and four respec-
tively [67]. Also, from the scheme, in D3 and D4, the electro-
static interactions between UQO,* and the DADMAC moiety
and/or CI ions stabilized the complex further. From the ad-
sorption isotherm (pseudo-second order) and Langmuir ad-
sorption isotherm model, the maximum adsorption capacity
is determined to be 333.33 mg/g. This result indicated that
both chelation and electrostatic interactions might be operat-
ing to reach a maximum adsorption due to the available bind-
ing sites. It should be mentioned that there are other probable
binding motifs that may exists which could be responsible for
the remaining adsorption. Although it is worthwhile to state
that, understanding the interaction between uranyl moiety
with grafted PE-AAc-DADMAC is uncertain [36].

Comparison of PE-g-AAc-DADMAC with Other
Adsorbents

The U(VI) adsorption capacity (mg/g) of radiation-grafted
adsorbent of DADMAC and AAc onto nonwoven PE fabric
was compared with those of the other adsorbents reported in
other studies, as shown in Table 2. In the present work, the
maximum adsorption capacity was found to be 160 mg/g
with an initial U(VI) concentration of 1000 ppm at room tem-
perature and undisturbed pH of the solution. Also, according
to Langmuir isotherm, the adsorption capacity for the graft-
ed PE was 333.33 mg/g. From the experiment (Table 2), the
adsorption capacity of flax fiber showed 40.9 (mg/g) where
PE-g-AAc-DADMAC demonstrated 160 mg/g. Further,
flower-goethite (MTDFLG) and nano-goethite powder had
adsorption capacity 112.35 mg/g and 104.22 mg/g respective-
ly from Langmuir isotherm model. However, adsorbent from
this study showed 333.33 mg/g using the same model. Since
the adsorption capacity was found to be higher in this experi-
ment, it could be said that the adsorbent which were fabricat-
ed had a great affinity to adsorb U(VI) from aqueous solution.

Desorption and Reuse Study

After adsorption, adsorbents were sunk into 20 ml of 1M
HCI solution for 5 hours with constant stirring for desorp-
tion. It was observed that the desorption was found to be
98%. Furthermore, after desorption, the adsorbents were
used for recycling. The adsorbents were treated with 40 mL
of 0.01M NaOH for 4 minutes and placed into 1000 ppm
U(VI) solution to adsorb as the same process as earlier.
In that condition, the maximum adsorption capacity was
found to be 150 mg/g, which indicated that the adsorbents
could be reused efficiently. Thus, this phenomenon demon-
strated that the prepared adsorbent was suitable for recy-
cling and reusing which are very beneficial to lower the cost
of overall adsorption process.

CONCLUSIONS

Diallyl dimethyl-ammonium chloride (DADMAC) and
acrylic acid (AAc) grafted PE adsorbent was fabricated
effectively by the pre-irradiation technique. The prepared
adsorbent was characterized by employing FTIR, TGA,
and SEM techniques. The radiation dose was optimized to
50 kGy because in that dose, maximum degree of graft-
ing (598%) was achieved. The prepared adsorbent was en-
gaged in adsorbing U(VI) from various aqueous solutions.
To complete the adsorption process, it took 48 hours while
maintaining pH 3.3 as an optimum condition. The ad-
sorption capacity was found to be 90 mg/g for the treated
sample which was higher than the untreated counterpart
(80 mg/g). At ambient temperature, the highest adsorp-
tion capacity was found to be 160 mg/g in 1000ppm metal
solution. Adsorption capacity increased for both the initial
metal ion concentrations and the temperature of the aque-
ous solution. Pseudo-second-order kinetic and Langmuir
isotherm models fitted better with U(VI) adsorption. The
maximum adsorption capacity was found to be 333.333
mg/g from the Langmuir isotherm model and 160 mg/g
from the experiment. Desorption of metal ions and recy-
cling of the adsorbents also showed promising results. To
conclude, since the newly prepared grafted polymer was
not only low costing but also had high adsorption capacity
along with reusability characteristics, the grafted polymer
can be considered as an excellent adsorbent for the U(VI)
removal from wastewater.
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INTRODUCTION

Researchers are working around the clock to discover al-
ternative sustainable energy sources that may address the
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ABSTRACT

Energy and fossil fuel supplies have been threatened by the depletion of fossil fuels on a global
scale, as well as by the constant rise in oil prices and the continual increase in environmental
degradation. On the other hand, polymer waste has increased due to its usage in a daily lifestyle
because of its cheap cost, ease of production, and adaptability. Indirectly, these polymer wastes
are causing some major problems for the ecosystem and other living things. By transforming
waste polymers into usable energy, can address for both the non-biodegradability of polymers
and the need for an alternative fuel. This research paper aims to evaluate the performance of
fuel produced by the pyrolysis of polyethylene polymer. Three distinct alcohol additive blends
with polymer fuel were investigated in a single-cylinder direct injection diesel engine for their
performance and emission characteristics. The engine efficiency of pentanol was found to be
about 3.4% higher than that of base diesel, and with 7% better fuel consumption. Additionally,
alcohol additives reduced CO emissions by 3.6%-3.8% and HC emissions by 3.5%-3.8%. The
results were further analysed using the design of experiment tool, "Full Factorial Design" to
determine the most optimal running condition with fuel consumption of 0.4508 kg/kWh, hy-
drocarbon of 49 ppm and carbon monoxide 0.265% at half load conditions.
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difficulties that are occurring as a result of the depletion
of non-renewable energy sources. However, a suitable
waste management strategy is an additional key compo-
nent of long-term success and development. Plastics are
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one of the most extensively used materials on the planet,
and while they are non-biodegradable in nature, they are
being employed on a variety of fronts owing to the vast va-
riety of applications, flexibility, and cost-effectiveness that
they provide. Every day, people rely on plastic for a variety
of functions [1].

Due to its great demand and economic feasibility, plastic
trash recycling was also pushed. Recycling plastic trash
into liquid fuel also has the additional advantages of con-
serving resources and reducing greenhouse gas emissions
[2]. In addition to reducing strain on natural resources
and coping with fast industrialization and economic ex-
pansion, energy recovery from waste plastics is seen as a
potential option. It has already been done commercially
in certain border and industrialised countries. Because of
their high combustibility and abundance in nearby areas,
waste plastics are considered highly competent resourc-
es for the extraction of petro-fuels. Waste plastics may be
converted into fuel using a variety of methods, depending
on the nature of the material [3].

The lower viscosity of alcohol as compared to diesel allows
for more efficient atomization of the fuel injected into the
cylinders and better mixing with the surrounding air when
alcohol is combined with diesel. A significant amount of
latent heat of evaporation exists in alcohol, which means
that utilizing alcohol in a diesel engine by blending it with
diesel or biodiesel fuel may improve the overall volume
efficiency by cooling the alcohol during the intake and
compression strokes [4]. The inclusion of propane re-
sulted in lower smoke emissions than diesel and plastic
oil, but greater HC (hydrocarbon) emissions than both.
Plastic oil and diesel blends with 5% Propanol by volume
beat their diesel equivalents in terms of NOx (Nitrogen
Oxide) emissions. More propanol mixes produced more
NOx than plastic oil and diesel. The thermal efficiency of
the engine improved as the quantity of propanol in the
blends increased [5].

A comparison between the performance and emissions
of a municipal waste plastic oil-fuelled in diesel engine
in this research. Adding nano-fluids to a municipal waste
plastic oil mix improves brake thermal efficiency and re-
duces fuel consumption. The introduction of nano-fluids
decreased hydrocarbon, carbon monoxide and increased
NOx emissions compared to MPO20 [6]. The research
work is aimed at developing a delayed timing engine with
minimal heat rejection and a combustion chamber surface
that has been partially stabilised zirconia ceramic-coated.
The influence of fuel injection time on the performance
of waste plastic oil in low heat rejection engines was in-
vestigated in order to get a complete understanding of the
performance of waste plastic oil in low heat rejection en-
gines. In the wake of the study, performance and emission
metrics have significantly improved substantially [7].

Diesel and plastic oil were used to compare the performance
of coated and uncoated engines. Performance has improved
and specific fuel consumption has decreased as a result of
this investigation. Diesel engines covered with zirconia had
lower emissions, except for NOx, than diesel engines that
were not coated with zirconia [8]. Exploring the effects of
variable compression ratio diesel engine performance and
emissions on variable parameters such as injection pressure
and time. Various proportions of ethanol and diesel are
mixed with plastic oils to make test fuels. The experimental
analysis shows that POOD5E5 mix has the maximum ther-
mal efficiency, increasing by 16 and 38% over pure diesel
and pure plastic oil [9].

Three high-carbon alcohols were oxygenated and their ef-
fects on emissions and performance of a diesel engine were
compared. For the greatest reduction of NOx and smoke
emissions while utilising the least amount of fuel, a re-
sponse surface methodology-based optimization was used
[10]. The performance and emissions of a diesel engine
utilising waste plastic oil generated by pyrolysis using Zeo-
lite-A as a catalyst are being investigated. Using 20% plastic
oil-diesel enhances thermal efficiency and decreases brake
specific fuel consumption. The NOx and HC emissions are
lower at low loads and increase with load [11].

Plastic oil blends, and its distilled derivatives may be used to
power the engine without requiring modification. Howev-
er, both raw plastic oil and distilled plastic oil had a signifi-
cant negative impact on engine performance and emission
levels. A greater density and viscosity, lower cetane number,
higher sulphur content and acid value were all factors con-
tributing to this [12].

When the load rises, the thermal efficiency improves and
the fuel consumption decreases due to the greater concen-
tration of plastic oil in the mix. High in-cylinder pressure
is caused by plastic oil's high heat release and delayed igni-
tion. Oxygenated chemicals in plastic oil also aid to reduce
emissions from burning. Diesel engines may utilise up to
50% plastic oil in the mix with just a minor increase in CO
emissions at higher loads [13]. The combustion and perfor-
mance study of the engine and the pyrolysis oil may serve as
a substitute for conventional fuel. The addition of pyrolysis
oil does not result in outstanding performance like diesel
fuel, as shown by combustion studies such as the fuel con-
sumption and efficiency. Adding nanoparticles to them, on
the other hand, improves their performance [14].

Thermal efliciency and emission quality improve with
load, compression ratio, and waste plastic oil and ethanol
in diesel. ANOVA and multivariate analysis determined
the optimal engine load, compression ratio, and fuel
blend, boosting performance and minimizing emissions.
With a compression ratio of 18.1, and 20% WPO and
20% ethanol blended diesel, braking thermal efficiency
and emissions were optimized [15]. The tertiary fuel mix
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Table 1. Properties of polymer oil, ethanol, pentanol and methanol

S1. No Fuel property Unit Diesel WPO20 Ethanol Pentanol Methanol
1 Density, at 15 °C (g/m?) 0.843 0.810 0.799 0.814 0.794

2 Viscosity, at 40 °C (cSt) 245 2.52 1.10 2.88 0.68

3 Calorific valve (MJ/kg) 42.31 40.12 28.18 34.65 20.10

4 Flash point (°C) 61 38 16 49 14

5 Cetane index - 54 51 8 20 5

contained three WPO concentrations and ethanol. Perfor-
mance, emission, and Full Factorial Design analyzed the
best running condition [16]. Optimization based on the
design of experiments (DoE) was used with a three-factor
full factorial experimental design was used to minimize
emissions while maximizing fuel economy. CO, HC, and
fuel efficiency surface contour plots determined to be sta-
tistically significant [17].

This study aims to investigate the effects of three different
alcohols on Waste Polymer Oil (WPO) biodiesel blends at
20% and 60% with pure diesel. The performance and emis-
sions analysis are carried out on a single-cylinder diesel
engine under varying load conditions. The results of fuel
consumption, emission of hydrocarbons, and carbon mon-
oxide were optimized for engine load and type of alcohol by
the design of the experiment tool.

MATERIALS AND METHODS

Cleaner and more efficient than traditional fossil fuels,
biofuels made from plastics have a low sulphur concentra-
tion. Diesel fuel with a high sulphur content is now used
in many developing nations. Liquid fuels may be made
from plastic trash, which reduces white pollution while
also helping to ease energy constraint. In comparison to
fossil diesel, waste plastic oil has comparable features,
such as a greater heating value [18].

Pyrolysis yield is influenced by several factors, including
the kind of plastic used, the temperature and length of
operation, the catalyst type used, and any additional ma-
terials added to enhance decomposition. The pyrolysis
product from each form of recycled plastic relies on the
temperature maintained during pyrolysis and the time
it takes to decompose to produce the liquid and gaseous
fuel from the material. Incorporating a wide variety of
catalysts may help improve oil yield rates. Once again,
how well the catalyst works is influenced by the aforemen-
tioned variables. Therefore, in order to extract the max-
imum amount of liquid oil possible, the proper catalyst
and operating conditions must be used. A few substances
may also speed up the breakdown process [19]. The prop-
erties of Polymer oil, Ethanol, Pentanol and Methanol are
tabulated in Table 1.

An increase in biodiesel evaporation, a reduction in delay
time, and an improvement in secondary atomization mini-
mise emissions when nanoparticles are combined with bio-
diesel. The combustion process is also made more catalytic
by the addition of these activities. The capacity to store en-
ergy inside nanoscale metal particles enhances a chemical
process. Though it has a higher surface area to volume ratio,
nanofluid has a greater ability to improve the pace at which
oxygen and fuel react, resulting in a better combustion [6].

EXPERIMENTAL DETAILS

The plastic oil sample used in this investigation was made by
pyrolyzing municipal plastic waste. The pyrolysis batch re-
actor heats the plastic to 600 °C. The heater used in the test
was driven by NiCr-based electrical resistance. The liquid
nitrogen trap is required because it distributes heat evenly
and generates inert conditions for pyrolysis. Unsteady heat
input from an autotransformer. The reactor lasted at 500 °C
for three hours before cooling down. The pyrolysis evap-
orated product is collected in a container. The condensed
bio-oil is subsequently refrigerated by an external cooling
medium. After pyrolysis, the plastic char was separated [20].

Waste Polymer Oil biodiesel blends were tested in a sin-
gle-cylinder, constant-speed direct-injection engine, as
shown in Figure 1 [17]. Speed is maintained regardless of
load and biodiesel mix percentages in the diesel engine.
The engine was coupled to an eddy current dynamometer,
which was used to alter the loads from 0% to 100%. For
each of the testing blends, the load is increased by 25%,
50%, 75%, and 100%, according to the 4.4 kW power out-
put of the engine.

An eddy current dynamometer, which monitors current
flow, is used to adjust the engine loads manually. The airflow
rate was measured using a calibrated orifice on an air drum,
and the fuel flow rate was analyzed with a calibrated burette
in this investigation. Two fuel tanks were employed for the
fuel flow measurement; one was filled with pure diesel and
the other with esterified biodiesel, and the fuel flow was re-
corded. AVL software was put on the test rig, allowing for
the collection of various readings and outcomes while the
machine was in operation. Table 2 represents the experi-
mental measurements, instruments and its parameters.
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Figure 1. Experimental engine setup.
Table 2. Experimental instruments and its parameters
SL. No Measurement Range Accuracy Instrument
1 Hydrocarbon 0 to 20000 ppm + 10ppm AVL gas analyser
2 Carbon monoxide 0to 15% +0.05% AVL gas analyser
3 Nitrogen oxides 0 to 5000 ppm + 10 ppm AVL gas analyser
4 Engine load - +0.1 kg to -0.1 kg Load cell
5 Crank speed 0-10000 rpm +10rpm Digital tachometer
6 Fuel quantity 0-50 cm’ +0.1cm’ Burette measurement

This study focuses on energy recovery from waste polymer
oil as the alternative fuel source via the waste utilization ap-
proach. In this study, we used a novel mixture of shredded
HDPE and LDPE in a ratio of 40:60 as the source of plastic
oil extraction to use as plastic fuel. HDPE and LDPE test-
ing needed a response time of 60 and 50 minutes, and the
material was pyrolyzed into oil at 450 °C. LDPE pyrolysis
products show a 60% oil yield, while HDPE pyrolysis prod-
ucts show a 50% oil yield, 25% wax formation, 25% gas for-
mation, and coke formation.

Waste polymer oil obtained from the pyrolysis process of
polyethylene polymer were blended with diesel at constant
ratios of 20% on a volume basis, along with oxygenated
additives of three different alcohols Ethanol, Pentanol and
Methanol. The biodiesel fuel named WPO20E20, formed by
the blends of 20% waste polymer oil biodiesel, 20% ethanol
on a volume basis mixed with pure diesel of 60%. The fuel
blends prepared as WPO20P20 (60% diesel + 20% WPO
+ 20% Pentanol), WPO20M20 (60% diesel + 20% WPO+
20% Methanol) and WPO20 (80% diesel + 20% WPO).

RESULTS AND DISCUSSION

Brake Thermal Efficiency

The brake thermal efficiency of WPO20P20 was found to be
about 3.4 % higher than that of pure diesel when tested under
various load conditions (Fig. 2). Researchers found that the
addition of low cetane number alcohols to blends increases
the time it takes for the fuels to ignite because of the OH rad-
icals' ability to remove hydrogen from the carbon position in
most of the alcohols [5]. The efficiency of WPO over 20% has
been shown to be negatively impacted. Because WPO has a
greater calorific value than diesel, the WPO-diesel blend's cal-
orific value is likewise higher than diesel. Addition of WPO
to a diesel mix, however, may also cause viscosity and density
increases as well as decreased heat release rates, which can
have an impact on how well fuel is dispersed in the combus-
tion process. This can lead to poorer thermal efficiency [11].

Brake Specific Fuel Consumption

By incorporating nanoparticles into the physical qualities of
the fuel, as well as by providing an abundance of extra oxy-
gen to complete the burning process, fuel consumption is re-
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Figure 2. Variation of brake thermal efficiency on WPO.

duced. There are less carbon deposits in the cylinder because
of the nanoparticle treatment, which lowers the frictional
power generated inside and lowers fuel consumption [6].
WPO20P20, WPO20M20 and WPO20E20 blends reached
out maximum of 7%, 4% and 3.5% reduction in Specific Fuel
Consumption (SFC) than diesel and WP20 blends reached
out 2 to 5.5% increased fuel consumption than diesel as
shown in Figure 3. As a consequence of the combustion be-
ing moved to a later stage due to a later injection timing, the
pressure rises only during fast expansion, resulting in a lower
effective pressure and a lower output. Combustion quality ac-
counted for the majority of the disparity in fuel consumption
across the mixes, even if the heating values were near [10].

Carbon Monoxide Emission

The blends of WPO20P20, WPO20M20 and WPO20E20
blends reached out maximum of 6.2%, 3.3% and 3.5% re-
duction in CO than diesel and WP20 blends reached out
2.7% increased carbon monoxide than diesel as shown in
Figure 4 at various load conditions. It is due to the increased
temperature of the gas that the amount of pre-mixed com-
bustion is reduced. Because of this, the initial CO creation
has been reduced in magnitude. Given its lower cetane
number and greater aromatic content, WPO burns more
slowly than gasoline and so burns for a shorter amount of
time than gasoline [8]. High oxygen concentration means
that WPO blends create fewer CO emissions than baseline
fuels, which is why WPO blends have been found to be more
environmentally friendly. In order to enhance combustion
and reduce CO emissions, a lower viscosity and a greater
latent heat of vaporisation of the mix are necessary [18].

Hydrocarbon Emission

During initial load operations, fuel with an excess of oxygen
predominates inside the cylinder. This additional air de-
creases the quantity of fuel that travels through the cham-

Figure 3. Variation of specific fuel consumption on WPO.
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Figure 4. Variation of carbon monoxide emissions on WPO.

ber, resulting in a reduction in the amount of heat that is
released. As a result, more fuel is likely to exit the chamber
along with the exhaust [20].

The blends of WPO20P20, WPO20M20 and WPO20E20
blends reached out maximum of 5.8%, 3.3% and 3.8% re-
duction in hydrocarbon than diesel. The greater viscosity
of the WPO20 blends resulted in poor vaporization, spray
penetration, and greater HC emissions as a result of the
process. WP20 blends reached out 11% increased HC than
diesel as shown in Figure 5 at various load conditions. High
viscosity reduces vapour pressure and increases droplet
generation, while it exacerbates incomplete combustion.
Lower air-to-fuel ratio and temperature allow HC to es-
cape into the exhaust at lower loads and temperatures.
Increasing the WPO percent fraction in the mix increas-
es emissions due to incomplete combustion and unreacted
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Table 3. Analysis of variance of fuel consumption

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value
Model 4 0.128787 99.97% 0.128787 0.021465 998.57 0.001
Model 4 0.128787 99.97% 0.128787 0.021465 998.57 0.001
LOAD 2 0.026706 20.73% 0.026706 0.006676 310.60 0.003
Alcohol 2 0.102052 79.21% 0.001677 0.000839 39.02 0.025
Error 4 0.00121 0.06% 0.000043 0.000021
Total 8 -0.12997 100.00%
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Figure 5. Variation of hydrocarbon emissions on WPO.

hydrocarbons. PPO mixtures are connected to higher HC
emissions for two reasons. Due to the lack of spreading,
WPO mixes gather around walls and cracks, leaving them
unburnt. Unsaturated hydrocarbons that do not burn and
are ejected with the exhaust are the second major reason.
Blends with high aromatic content emit more HC because
they burn faster and ignite slower [13].

Nitrogen Oxide Emission

The premixed combustion phase of combustion has improved
with the addition of greater alcohols to diesel, which aids in
the reduction of soot emissions, as is evident. Certain in-
stances of alcohol's evaporation enthalpy property have been
claimed to have reduced NOx emissions concurrently owing
to the cooling impact that occurs when alcohol evaporates
[21]. As a consequence of the higher fuel use, increased engine
load was blamed for the spike in NOx emissions. WPO20P20,
WPO20M20 and WPO20E20 blends produce NOx at a rate
of 10 %, 6 %, and 9% greater than diesel. WPO20 makes more
than 15% than pure diesel. NOx emissions are produced as a
consequence of a chemical interaction between oxygen and
nitrogen molecules that does not occur in equilibrium in the
high-temperature burned gas areas. Nitrogen dioxide and ni-
trogen monoxide (NO) are the primary components of NOx

Figure 6. Variation of nitrogen oxides emissions on WPO.

in tailpipe emissions. The generation of NOx is strongly re-
liant on the temperatures within the cylinder as well as the
amount of oxygen present inside the cylinder [9].

Analysis of Variance of Fuel Consumption and Emissions
An experiment may be developed based on the results of
the analysis. With varied loads and alcohol fuel mixes, the
observed statistics have ramifications for fuel consumption
and emissions.. In order to determine the experimental er-
ror, all potential interactions between variables may be di-
vided into two categories using DOE. Using ANOVA tables,
the researchers hope to reduce engine emissions and fuel
consumption while increasing horsepower. Load variation
and the kind of alcohol used are two important aspects to
keep in mind while increasing efficiency and reducing ex-
penses in this operation. Because it can handle fuel con-
sumption variance to the extent of 99.97 percent, the model
is appropriate. The model has an R-square of 99.97%, which
means that it can accurately predict the response.

If the p-value is less than one, it's commonly believed that
the null hypothesis must be rejected. If the p-value is less
than 0.05 for the load and kind of alcohol, then the model is
significant. Table 3 shows that load variation accounted for
20.73% of fuel consumption, whereas alcohol additive type
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Table 4. Analysis of variance of emission

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value
Model 4 422.67 97.39% 422.67 105.667 37.29 0.002
Linear 4 422.67 97.39% 422.67 105.667 37.29 0.002
LOAD 2 144.67 33.33% 144.67 72.333 25.53 0.005
Alcohol 2 278.00 64.06% 278.00 139.000 49.06 0.002
Error 4 11.33 2.61% 11.33 2.833

Total 8 434.00 100.00%
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Figure 7. Normal probability of SFC.

accounted for 792.1%. Additionally, the load fluctuation
contributed 33.33% to emissions, while the kind of ethanol
was responsible for 64.06%, as shown in Table 4.

The normal probability plot (Figures 7-9) demonstrates a
normal distribution for the error terms. The residual dis-
plays have the same features as the original plot. To make ac-
ceptable assumptions, it should treat the expected and other
factors as random and unstructured. Before evaluating the
model, make sure the residual plot has an uneven pattern or
is distributed. The normal probability plot displays the nor-
mal distribution of data and the response components. The
residuals against fitted values show no change in variance.
Figures 7-9 show the normal plot of residuals, which helps
ensure that the residuals are normally distributed.

Response Optimization on Emission

Response optimization is an analytical approach that finds
the optimal combination of input variable settings to maxi-
mise a single answer or a group of responses. For each vari-
able input combination, the response optimizer function
provides an optimal solution and an optimization graphic.
It may be interactive. The plot's input variable values may be
adjusted to obtain better optimization solutions.

Based on the response optimizer plot (Figure 10), it can be
concluded that the pentanol ratio at halfload condition is op-
timal for achieving low emission and effective fuel consump-

Figure 8. Normal probability of CO.
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Figure 9. Normal probability of HC.

tion values. As indicated in Table 5, the ideal circumstances
for achieving this goal are when the engine is halfloaded. Fuel
consumption of 0.4508 kg/kWh, hydrocarbon of 49 ppm and
carbon monoxide 0.265% are the optimum values. As depict-
ed in Figure 10, the optimization plot reveals that the optimal
load at WPO and alcohol mixes yields the lowest SFC, CO,
and HC emissions at half-load conditions, with a composite
desirability of 0.9285. Reducing the load will diminish all re-
actions. However, the impact on SFC emissions was negligi-
ble compared to CO and HC emissions. Consequently, when
reducing the composite's desirability by diminishing engine
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Figure 10. Optimized plot on load and alcohol.

load, the ideal values for engine load and alcohol blend in the
experiment were in the half load. Increasing engine load will
reduce SFC, HC, and CO emissions. This result recommends
that researchers should experiment with a half-load and pen-
tanol in order to improve engine performance.

Environmental Impact and Improvement of Bio-Economy
During the past decade, there has been a rise in investment in
biofuels as sustainable alternatives to fossil fuels. These concerns
have been brought about by the widespread environmental and
health risks associated with the use of fossil fuels. For this rea-
son, it is essential to properly manage the various components
of the biofuel supply chain in order to successfully make the
shift to a low-carbon and bio-economy. These components
include the production of biomass feedstock, the logistics of
transporting biomass, the production of biofuel in bio-refiner-
ies, and the distribution of biofuel to consumers [22].

A bio-economy requires the recycling of organic materials
into valuable fuel and materials. Integration of recycling
and bioconversion for enhanced process performance is
also assessed. The goal of this work is to make it easier to
recycle bio-waste for use in closed-loop systems. To com-
mercialize and promote the use of alternative commodities,
more research, market analysis, and funding are needed. To
get the most out of the bio-waste, it's important to take a
comprehensive, methodical approach that incorporates a
wide variety of disciplines and makes use of data to refine,
optimize, and introduce novel practices [23]. The circu-
lar bioeconomy can assist in solving global problems. By
substituting petroleum as an industrial fuel, bioenergy and
biomaterials production could reduce their environmental
impact. The waste bio-refinery associated with the circular

Table 5. Optimized results on emission and fuel consumption

Load  Alcohol SEC HC CO Composite
Fit Fit Fit desirability
50 2 0.450811 49 0.265 0.928528

bio-economy may aid with carbon management and green-
house gas emissions. By minimizing greenhouse gas emis-
sions, implementing a waste bio-refinery circular bio-econ-
omy system exhibits a low carbon economy [24].

Water-soluble, biodegradable, and quickly evaporable, etha-
nol may have certain safety advantages over fossil fuels. Be-
cause it can be produced in nearly any nation, ethanol fuel
is the most economical alternative to traditional sources of
energy. Ethanol can be made from a variety of plants, in-
cluding maize, and used as a fuel. However, E10 is the most
common type of ethanol utilized, and depending on where
you are in the world, it may make up as much as 15% of a
blend. A high ethanol fuel mix, consisting of anything from
50 to 85% ethanol, is now in use in a number of nations,
including the United States and Brazil [25, 26]. The simplic-
ity of producing ethanol results in lower production costs
than those of fossil fuels. Only carbon dioxide and water are
released as by products when ethanol is burned as fuel. Car-
bon dioxide emissions are a little contributor to the envi-
ronmental crisis. But it's thought that burning ethanol made
from biomass like corn and sugar cane has little impact on
atmospheric carbon levels. This is because carbon dioxide
is taken in by the biomass during photosynthesis, and this
may offset some of the carbon dioxide released during eth-
anol combustion. The three main foci of the circular econ-
omy are the feedstock, the production process, and the
distribution of the final product. The company never gave
the proper amount of thought to the product's legacy. Not
much thought has gone into how the product will be main-
tained once its expected lifespan has ended [23, 24, 27].

The amount of ethanol blended with gasoline in India
reached 10.16 percent in 2022, greatly exceeding the coun-
try's target. Additionally, the nation has pledged to achieving
a 20 percent blending rate by 2025. Similar to the successful
E20 ethanol blending project in India may save the govern-
ment $4 billion per year in 2020-21, when the country's net
petroleum imports will be 185 Mt at $551 billion, when the
country's net petroleum imports will be $551 billion [28, 29].
Prices for traditional fuels are higher, but ethanol has a low-
er impact on the environment. Having the ability to convert
vehicles to run on E20 is both a necessity and an opportuni-
ty because of the increased availability of farmland, the ris-
ing output of food grain and sugarcane, and the widespread
availability of these products. Two-wheeled vehicles reduced
their CO emissions by as much as half compared to four-
wheeled cars, and four-wheeled vehicles reduced their emis-
sions by as much as thirty percent. Ethanol and gasoline to-
gether can reduce hydrocarbon emissions by about 20% [30].
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The primary objective of this research was to find a way to
recover energy from waste polymer while also decreasing
harmful emissions from a diesel engine. The blood's abili-
ty to carry oxygen to and from tissues is compromised by
carbon monoxide, making it dangerous to human health.
When blood comes into contact with carbon monoxide,
haemoglobin is quickly oxidized into carboxyhemoglobin.
Saturation of haemoglobin with oxygen is inhibited by the
presence of carbon monoxide in the lungs. It has also been
shown that this hydrocarbon reduces the production of
white blood cells, suppresses the immune system, and makes
the body more vulnerable to infection. There's also the fact
that different stages of a plant's life cycle are vulnerable to
different pollutant levels in terms of phototoxicity. [31, 32].

CONCLUSION

As a potential alternative fuel source, waste polymer are ex-
amined in this research. Alcohol has a higher oxygen content,
ensuring a more uniform distribution of fuel and air during
combustion. More oxygen may be found in alcohol, which is
also less costly. The energy industry might benefit from the
use of waste polymer oil as a diesel alternative. In order to
increase the thermal efficiency of polymer blends, the addi-
tion of alcohol to waste polymer fuel boosted its combustion.
Additions of pentanol to WPO blends increase efficiency by
3.4% and decrease fuel consumption by 7.4% when com-
pared to diesel. In the same manner, the use of alcohol addi-
tions may lower hazardous emissions by up to 6%. It has been
shown that the optimum potential engine condition under
load and fuel mix may be improved via the use of Design
of Experiments. The results of response optimization have
also been analysed using response optimization. Researchers
found that while driving at half-load, pentanol mixed diesel
consumes the most fuel and emits the least pollution.
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INTRODUCTION

ABSTRACT

Generation of the huge amount of bio-waste and their residues, including incineration ash,
is a major technical and sustainability problem. To solve this problem, incorporating nu-
trient-rich residues into crop production has become an efficient practice to increase crop
production. Vermicomposting of these wastes could be a viable option to manage both bio-
wastes and their products in an environmentally friendly manner and close the material
loop in bioenergy production. Therefore, the main objective of this study was to investigate
the effect of vermicompost from biomass ash under hot and dry climatic conditions in sum-
mer on growth, yield and yield components of sweet sorghum (Sorghum bicolor var. sac-
charatum (L.) Mohlenbr). The high photosynthetic activity of sweet sorghum is important
for biofuel production under conditions of high solar energy and water scarcity. This study
provides a general overview of the feasibility of biomass ash vermicomposting processes and
their potential use as a nutrient source for C4 sorghum under Bitlis ecological conditions
of high solar potential and low water availability. Under Bitlis climatic conditions, the best
yield was obtained when vermicompost was applied with a biomass ash content of 10.0%
(T3). Plant height, plant weight, sugarcane and juice yields were reported as 133 cm, 146 g,
180 kg/da and 105 L/da, respectively.

Cite this article as: Turp GA, Ozdemir S. Effect of biomass ash vermicompost on Sorghum
bicolor var. saccharatum (L.) Mohlenbr under hot and dry agro ecological condition. Environ
Res Tec 2023;6:1:46-53.

ash in a closed-loop system of crop production and ener-
gy generation to reduce waste accumulation, increase crop

The increasing demand for energy from renewable re-
sources has led to the expansion of biomass power plants,
which results in the generation of biomass ash as an end
product that must be properly disposed of according to
the principles of circular economy [1]. Therefore, it is crit-
ical to find new methods to recycle nutrient-rich biomass

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

productivity, and reduce environmental impacts [2]. Since
biomass and biofuel production generate large amounts of
residues, the approach of converting them into biofertiliz-
ers to produce new fuels can overcome the net-zero CO,
goal for developing a sustainable energy source [3]. In ad-
dition, the trend of global warming combined with chang-
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ing rainfall regimes and high evapotranspiration for many
cropping practices is destined to adapt more drought tol-
erant crops that are more efficient in managing nutrients
and irrigation water under deficient environmental con-
ditions [4]. A variety of waste-based, nutrient-rich organ-
ic fertilizers are being developed for recycling purposes
and for fertilizing crops. Among them, vermicompost
appears to be the most promising cost-effective method
to convert recalcitrant biomass ash into valuable organic
fertilizer for reuse in the production of biofuel feed stocks
in closed-loop energy systems. Additionally, composting
of organic waste stream offer the best disposal option es-
pecially in mineral resource use for crop production [5].
For instance, incorporating organic matter into the soil
increases soil organic matter [6], increases the soil nutri-
ent pool [7], minimizes soil nutrient depletion [8], acts as
a slow-release fertilizer [9], improves porosity and infil-
tration [10], microbiological and enzymatic activity [11],
and thus also improves water use efficiency of plants [12].

Among biofuels, bioethanol gains great popularity due
to its numerous advantages. The sorghum plant offers a
particularly high yield of biofuel under hot and dry cli-
matic conditions [13]. The C4 sorghum plant (Sorghum
bicolor var. saccharatum (L.) Mohlenbr) is characterized
by high photosynthetic efficiency and high dry matter
accumulation rate compared to other crops, especially
under drought stress conditions. Due to its high biomass
and sugar yield, it is more popular in hot and dry climates
because it can withstand drought, requires lower water,
fewer cultivation inputs, is easy to cultivate, and has lower
fuel costs such as sugar syrup, bagasse, and grain yields.
The potential to produce solid, liquid, and gaseous bio-
fuels under conditions of high solar radiation and water
deficit makes sorghum a unique, valuable crop for future
challenging environmental conditions. Therefore, sweet
sorghum appears to be the most promising energy crop
in the hot and drought-prone regions where conventional
crops with high water requirements such as corn, sugar
beets, and sunflowers cannot be grown. Although sugar
content in the plant stem is one of its most important char-
acteristics, it also produces grains with high starch content
and bagasse with high lignocellulose content [14], which
can be fermented to produce bioethanol or solid biofuel.

Sweet sorghum is a high biomass and sugar yielding
plant belonging to the C4 photosynthetic pathway. It
produces plant stems up to 300 cm tall with a sugar con-
tent of 16-23% Brix, depending on the variety and agri-
cultural inputs used. Unlike other C4 plants, it tolerates
dry conditions, requires less fertilizer, and is easy and
inexpensive to grow. When integrated into the cropping
system, the application of vermicompost can further im-
prove Brix content, sugar and biomass yield under high
PAR (photosynthetic active radiation) and dry envi-
ronmental conditions [15]. The particular advantage of

sweet sorghum is its lower nitrogen requirement due to
its high nitrogen use efficiency under water deficit con-
ditions. However, yields can be increased by applying a
balanced nutrient in the form of vermicompost, which
copes very well with dry and hot climatic conditions due
to its stress-reducing properties. It is reported that the
dry biomass of sweet sorghum, grown as an alternative
crop for biogas production in drought-prone areas, is
27% higher than that of maize under the experimental
conditions of severe drought, which is due to the inher-
ently deep and strong root exploitationin the subsoil
[16]. On the other hand, a strong response to fertilizers
is also reported. For example, in studying the effects of
nitrogen and potassium fertilizers on growth parame-
ters, it was found that an application of 180 kg urea per
hectare at physiological maturity increased stem height
by 12.65%, stem fresh weight by 24.57%, total weight by
78.22%, and total sugar content by 39.25%. When 50 kg
of potassium sulfate was applied, the rates of increase
were as follows: 24.33% in fresh stem weight, 25.44% in
total weight, and 10.50% in total sugar content [17]. It is
also reported that the optimum N fertilization is 59-110
kg N ha! and 200 kg N ha™ for ethanol and sugar yield,
respectively, which in contrast indicates lower sugar
quality and ethanol yield [18].

In recent years, the focus has shifted to the use of feed
stocks for biofuels, as food crops can only meet a small
portion of the demand for biofuels and require intensive
fertilization [19]. The main problem in biofuel production
is the cost of the feed stock. As an alternative to the high
demanding biofuel crops, sweet sorghum can serve as a
sustainable biofuel feedstock that requires few inputs, is
tolerant of environmental changes, and offers versatile
processing options. As an alternative to chemical fertiliz-
ers, biofuel yields can be enhanced by sustainable nutrient
resources such as vermicompost, whose nutrient content
is enriched by biomass ash produced at biomass power
plants. Biomass ash contains high levels of most fertiliz-
er nutrients such as phosphorus and potassium. Howev-
er, due to its high pH for agricultural use, it remains in
the background in agricultural applications. Although
various methods are used to recover the phosphorus con-
tained in biomass ash in the form of apatite, the applica-
tion of vermicompost can be sustainable and provide an
environmentally friendly recovery [20]. Although several
studies have highlighted the response of some crops to
vermicompost nutrients [21] the role of biomass ash ver-
micompost in improving biofuel yield of sweet sorghum
in hot, dry agroecosystems has not been thoroughly inves-
tigated. The results of this work could show the effects of
nutrient-rich biomass ash vermicompost on biomass yield
and feedstock composition of sweet sorghum in Bitlis,
Turkey, which has hot summer climatic conditions with
high sunshine hours.
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MATERIALS AND METHODS

Vermicompost Preparation

Biomass ash is a rich source of nonvolatile plant macro- and
micronutrients. Similarly, dairy manure consists of volatile
nutrients abundant in nitrogen, carbon, and sulfur, which
play essential roles in plant nutrition and sugar metabo-
lism. To test the first hypothesis, the possibility of enriching
vermicompost with both volatile nutrients from biowaste
and non-volatile nutrients from biomass ash was exam-
ined. Therefore, vermicompost was made from a combina-
tion of dairy manure and biomass power plant ash to pro-
duce a slow-release organic biofertilizer. The biomass ash
(BA) was obtained from a biomass power plant in Sakarya,
Turkey. BA came from sawdust, forest residues, nut shells,
and mainly poultry litter. The Turkish compost regulation
specifies that the total value for N (Nitrogen), P (Phospho-
rus) and K (Potassium) in worm compost must not exceed
7.0%. Considering this limit, the final NPK content in ver-
micompost samples was 0.0% (T0 without BA), 3.5% (T1),
7.0% (T2), and 10.0% (T3), respectively [20]. The process
of vermicomposting involves two phases. The first phase
is performed by aerobic microbes that reduce the readily
biodegradable substrate to minimize the negative effects
of toxic and odorous compounds on worms. The second
phase is performed by worms and gut microbes to obtain
a more humified product that helps plants mobilize and
absorb nutrients, but also promotes plant growth and in-
hibits plant pests. After homogeneously incorporating the
calculated amount of BA into the dewatered cattle manure,
the mixture was allowed to ferment for 21 days to prevent
negative effects of volatiles and toxic substances on the ver-
micompost process. The vermicompost-forming materials
were then incubated at room temperature and under humid
conditions by spraying the surface with water in a dark en-
vironment. Processing was carried out for 60 days to allow
the compost to mature [22].

Plant

The sweet sorghum plant is traditionally used as a sugar
crop and is known to adapt well to dry and hot climates due
to its deep proliferated root structure. Therefore, it has been
shown to be competitive with conventional bifofuel crops
in terms of theoretical ethanol and lignocellulosic dry mat-
ter yield. Seeds of the Gulseker Sweet Sorghum variety were
obtained from the Maize Research Institute, Sakarya, Tur-
key. Bitlis province was selected for testing the model plant
because of the high sunshine duration and the fast growth
of the plants thanks to the high photosynthetic capacity of
the sorghum plant.

Soil Sampling and Characterization

The experiment was conducted at directly farmers field lo-
cated in Tatvan district of Bitlis province (GPS 38.509441
N, 42.341652 E, and 1690 m above sea level) in the spring

Table 1. Physicochemical properties of experimental soil and
bio ash [10]

Parameter Bitlis soil Biomass ash (BA)
pH 7.45+0.04 13.04+0.20
EC (dSm™) 0.34+0.02 27.43+0.55
Organic matter (%) 1.16+0.03 1.98+0.01
Kjeldahl N (%) 0.10+0.07 ND

P (mgkg™) 45.94+1.15 13212+1.56
K (mgkg™) 83.66+2.40 17554+2.56
Ca (mgkg™) 390.00+8.80 32724+1.23
Mg (mgkg™) 180.70£2.10 5385+1.19
Fe (mg kg™) 29.04+1.25 2563+2.46
Mn (mg kg™) 32.38+1.87 950+1.09
Zn (mg kg™) 2.94+0.16 1222+1.62
Cu (mgkg™) 67+0.86

Values are the mean*standard deviation of three samples, each measured in
triplicate. EC: Electrical conductivity; dS: DeciSiemens; ND: Not detected.
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Figure 1. Long-term average precipitation, highest and
lowest air temperatures for the years 1959-2021 in the
province of Bitlis.

summer growing season of 2021. The experimental soil
was sampled from surface horizons (0-20 cm) for basic soil
analysis. Some selected physicochemical properties of the
soil were given in Table 1. The soil was deep silt loam, mild
alkaline and low in organic matter.

Meteorological Conditions

The experimental area is located in Bitlis province in eastern
Turkey, where according to the Koeppen classification, the
climate is Aas (continental dry and hot in summer), as it has
high temperatures, low precipitation and relative humidity
between 33 and 43% during the experimental period. The
summer months are characterized by low precipitation and
relatively longer hours of sunshine (12.2-13.0) per month.
The average long-term monthly temperatures and precipita-
tion for the period from 1959 to 2021 are shown in Figure 1.
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Figure 2. Biomass yield parameters of sweet sorghum plant grown in continental climate conditions with BA vermicom-
post application — Height and Weight (T =0.0%, T =3.5%, T,=7.0%, T,=10.0% biomass ash and vermicompost, T ,=fertil-

izer-free control).

According to the data obtained, the average amount of
precipitation is 1046 mm, with most of it falling in spring
and winter. The average amount of precipitation during the
growing period of sweet sorghum (May-September) was 33
mm. The highest temperature during the growing season
was recorded as 29.3 °C in August [23]. Rainfall during the
growing season was insufficient to meet the plant's water
needs. Therefore, weekly drip irrigation was applied at 10
mm per irrigation cycle.

Treatments and Field Design

Five different fertilization treatments were tested: T (ver-
micompost, without BA); T, (vermicompost with BA, NPK
content 3.5%); T, (vermicompost with BA, NPK content
7.0%); T, (vermicompost with BA, NPK content 10.0%);
and T, (control, without fertilizer). Seeds were first germi-
nated in seedling viol, and then the germinated plantlets
were transplanted on the 5x3 m cultivation area at 30 cm
spacing. Vermicompost was applied as basal fertilizer be-
fore sowing along the planting rows.

Brix Measurement

After plant harvest, 5 plant stems were pressed to extract
the juice using a sugarcane 2-roller press. Then the Brix (%)
values (Fig. 3) of juice were determined by using a hand-
held refractometer. The Brix counter was set to zero with
distilled water and measured by taking a small amount of
juice into the counter [14]. It was assumed that the sugar
content in juice was equal to 75% of Brix [24].

Calculation of Sweet Sorghum Yield Data

Sweet sorghum plants, which were harvested by leaving a
stubble height of 5 cm from the planting area of the sweet sor-
ghum plant, were weighed (Fig. 4), and then the branches and
leaves were separated and the leafless stem weight was noted.
The stem thickness of the plants was measured with the help
of caliper from a height of 30 cm from the ground and record-
ed. The plant samples brought to the laboratory environment
were dried in an oven at 70 °C and their dry weights were

Brix (%)
20
15
10
5
0
t0 tl t2 t3 t4

Figure 3. Biomass yield parameters of sweet sorghum
plant grown in continental climate conditions with BA
vermicompost application- Brix (%) (T,=0.0%, T =3.5%,
T,=7.0%, T,=10.0% biomass ash and vermicompost, T =-
fertilizer-free control)

weighed. Calculations were made with the help of the follow-
ing formulas (1), (2), (3) with the data at hand [25].

Fluid Rate: (Leafless stem weight (kg)—dry weight(kg))

: x 100 (1)
Leafless branch weight (kg)

wet weight (kg)

Cane Yield (kg da'!): 2)

planting area(da)

iquid
Juice Yield (L da -); L Amount()

" planting area (da)(3)
Statistical Analysis

Each experiment was performed according to a completely
randomized design with three replicates per amendment.
The experimental data are subjected to the analysis of vari-
ance (randomize complete block design) by using the Stat-
graphics Centurion version of XVI (Statpoint Technologies
Inc., Warrenton, VA, USA). Means that differed significant-
ly are separated by using Tukey’s Honestly Significant Dif-
ference (HSD) test at p 0.05 [3].
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Figure 4. Biomass yield parameters of sweet sorghum plant grown in continental climate conditions with BA vermicom-
post application- Cane Yield and Juice Yield (T,=0.0%, T ,=3.5%, T,=7.0%, T,=10.0% biomass ash and vermicompost,

T =fertilizer-free control).

RESULTS AND DISCUSSIONS

Characterization of Biomass Ash and Experimental Soil
Total elemental composition analysis of biomass ash was
done by ICP-MS. According to the analysis results, it
was recorded as 32724, 17554, 13212 and 5385 mg kg’
for calcium (Ca), potassium (K), phosphorus (P) and
magnesium (Mg), respectively (Table 1). Biomass power
plant ash includes forest waste, agricultural products and
poultry bedding material as content. In previous studies,
the most abundant elements in biomass ash content were
recorded as calcium and potassium. Due to the presence
of alkaline compounds, the pH value was recorded in
the range of 12-13. The use of ash produced by biomass
combustion as an additive to the composting process is
envisaged as a potential solution to the most common
critical problems [26].

Plant Growth Parameters

As a result of applications made for varying levels of bio-
mass ash vermicompost, weight, height, sugar content
(Brix), cane and fruit juice yield of sweet sorghum plant
were examined under continental climate conditions.
The averages of the parameters among the BA ratios in
vermicompost applications containing BA ash in conti-
nental climate conditions are presented (Fig. 2). Brix %
rates are higher than other applications as T3>T2. The
Brix ratio of the plant in continental climate was brought
to the range of 17-18% with BA vermicompost fertil-
ization. Nitrogen (N) and Potassium (P) fertilized two
different varieties (Rio and Keller) sweet sorghum plant
obtained 18% Brix rates with different amounts of N and
P applications [17].

In vermicompost applications containing BA ash, an
increase in plant height was observed regardless of the
ratio. The height of a sweet sorghum plant is directly
proportional to its biomass yield. The plant height is be-
tween 60-133 cm and it is T3>T2>T4>T1>T0 respective-

ly. Plant height is generally controlled by maturity and
internode length. The longer the plant stays vegetative,
the more leaves and height it makes. Typically, the stems
contain 12-22% sugar. Although a positive relationship
has been established between height and sugar accumu-
lation, studies have shown that high sugar concentration
is not only proportional to height, but it is possible to
breed short and high sugar strains [27].

Height and Weight

The crop productivity of sweet sorghum plant is relat-
ed to the plant population per unit area. However, wide
or narrow spacing does not have a clear effect on crop
performance [28]. The height of the sweet sorghum plant
is mainly estimated from the maturity of the plant and
the length between the nodes. Generally, late blooming
plants appear to be taller than early blooming plants.
Plant height of sweet sorghum is highly correlated with
biomass yield [27]. The cluster that emerges while the
sweet sorghum plant matures stops its lengthening. It
has been reported that sugar accumulation increases at-
ter plant height stops [29]. It has been shown that 180
kg ha! urea application of the plant at physiological ma-
turity increased the stem height by 12.65% [17]. Height
and weight information of sweet sorghum plant grown in
Bitlis climate conditions are given in the graphics in the
figure. According to the data obtained, when the devel-
opment of sweet sorghum plant is examined according
to the amount of vermicompost applied, the best height
is 133.33 cm in T3 (10% biomass ash and vermicom-
post) application. Sweet sorghum length was measured
as 60.33 cm in TO (0.0% biomass ash and vermicompost)
application.

When the plant weights of the sweet sorghum plant with
vermicompost application were examined, the order
T3>T2>T4>T1>T0 occurred. Depending on the plant
height, T3 (10% biomass ash and vermicompost) appli-
cation contributed to the plant being heavier.
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Brix (%)

Because of the presence of inverted sugars (glucose and
fructose) the sweet sorghum juice is not commonly used
for crystallized sugar production due to the difficult crys-
tallization. However, fermentable sugars of juice offer an ex-
cellent potential for yeast fermentation to produce bioetha-
nol. It has been reported that sugar accumulation increased
rapidly after the internode elongation ceased after the sweet
sorghum plant had clustered. However, the data obtained
show that sugar accumulation is dependent on internode
maturation rather than cluster formation [29]. When grow-
ing sweet sorghum, it is important to measure the Brix val-
ue frequently so that the growth trends of the plant can be
analyzed. It helps us see how the quality of the crop im-
proves during ripening, thus helping to find the right time
to harvest the crop. Regardless of the ratio, the measured
Brix remained in a narrow range of 10-17.6% in the vermi-
composting application prepared with a mixture of biomass
at different rates. Although positive results on plant growth
were demonstrated in the previous N fertilization applica-
tion, no improvement in Brix ratios was recorded [18].

Cane Yield and Juice Yield

The sugar contained in the plant is one of the most import-
ant properties of interest to growers, and research focuses
on sugar accumulation and enzymes. Fermentable sugars,
mainly including sucrose, glucose and fructose, are the
main ingredient in sweet sorghum stalks for bioethanol
production [15]. As a result of a 3-year study to determine
the optimum N fertilization rate for the production of two
common sweet sorghum varieties, the development of sweet
sorghum was significantly affected by N application [18].

The volume of juice is a function of the stem volume de-
pending on the stem height. Cane yield and juice yield
yields are also promising in T2 and T3 applications, where
the best yields in height and weight are obtained.

Transforming BA ash, which has a high plant nutrient con-
tent, into a fertilizer form that can be used by plants by the
vermicompost method and fertilization at different rates,
the relationship between the amount of fertilizer for the
growth of sweet sorghum plant is evaluated, and T3 and T2
applications between cane and fruit juice yields are much
higher than other fertilization amounts. reached

When the available data for the sweet sorghum plant, which
has the ability to produce high biomass, are examined, the
application of T3 (10% biomass ash vermicompost) is 70%
higher than the application of T4 (without fertilizer).

CONCLUSIONS

Sweet sorghum plant, which is among sustainable green
bioenergy crops, makes a potential contribution to fu-
ture energy demand. With the interconnection between

energy and sustainable development, sweet sorghum of-
fers multiple benefits to both food, feed and energy se-
curity and environmental challenges such as water avail-
ability, carbon neutrality and ecosystems sustainability,
if properly planned and managed. In the present study;,
in order to improve the existing production methods, an
alternative solution was proposed in the Bitlis ecological
conditions.

Biomass ash vermicompost was produced and tested
as a sustainable fertilizer alternative for sweet sorghum
production in Bitlis continental climate conditions. As a
result of the analyzes made on the harvested stems to de-
termine the post-harvest changes, the average best yields
of different parameters were listed as T3>T2>T4>T1>TO.
The plant heights were 60.33, 93, 118, 133.33, and 110
cm for the TO, T1, T2, T3, and T4, respectively. Average
plant height positively correlated with the plant weights.
The plant sugar yield and Brix values varied between
10-17.6% in tested treatments. Although the application
of fertilizer at high rates shows positive results on sweet
sorghum plant, the harms of excessive application to the
environment are undeniable. It is promising that biomass
yield can be improved with the application of BA ver-
micompost, which is preferred due to advantages such
as low input requirements in Bitlis climatic conditions
where the amount of dry and water is limited.

In sweet sorghum production, cane yield is 31-180 kg/
da and juice yield is 17-105 L/da. Vermicompost has
been investigated as an alternate source of convention-
al chemical fertilizer; the results revealed the significant
effect of vermicompost on plant growth, yield, and qual-
ity parameters of the products. The vermicompost and
crop growth experiments have shown that it is feasible to
obtain nutrient-rich vermicompost by adding BA to bio-
waste cow dung and vermicomposting of those materials
back into the production cycle of biomass energy crops
solves the problem of waste disposal, thus minimizing
environmental pollution.
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INTRODUCTION

ABSTRACT

In this study, effect of two chemical compounds (i.e., 1-octanol and hexanal) respectively from
the alcohol and aldehyde groups on thermophilic (55+2 °C) anaerobic process digesting the
waste produced at a paper industry was investigated. In this scope, possible inhibition was
monitored by the cumulative methane (CH,) yields in the batch reactors digesting the paper
waste as the feedstock at concentrations of 0.005%, 0.05%, and 0.5% for each compound. Com-
paring the effects of the two different groups with the control reactor having only the paper
waste as the substrate, the results revealed that adding 1-octanol and hexanal up to 0.05% con-
centrations had some synergistic effect on biogas yield (i.e., from 3% to 12% enhancement).
Accordingly, the highest methane yields were 550 and 567 mL/g-VS_, respectively on average
in the presence of 1-octanol and hexanal at a concentration of 0.05% while the cumulative
methane yield was observed as 490 mL/g-VS,, for the control reactor. With the exception of
1-octanol at 0.5%, adding both compounds at each investigated concentration was beneficial
for the digestion in the batch process. Therefore, the selected alcohol and aldehyde sources did
not cause the expected detrimental effect on the methanogens even at the maximum amounts
added in this study. Nevertheless, since the effect of the chemical compounds on methane gen-
eration has been generally concentration-dependent, the toxic effects of 1-octanol and hexanal
would be better observed at higher concentrations (>0.5%), especially when their threshold
levels are exceeded in anaerobic reactors digesting paper wastes.
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waste in the presence of two compounds from alcohol and aldehyde groups during thermo-
philic anaerobic digestion. Environ Res Tec 2023;6:1:54-59.

processes for many decades. However, dry anaerobic di-
gestion is particularly preferred for treating the industri-

Depending on the total solids (T'S) content of the sub-
strate, anaerobic digestion has been applied as wet (i.e.,
TS from 0.5% to 15%) or dry (i.e., TS more than 20%)
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al wastes in order to meet the energy demand of the facil-
ities. In this context, since paper wastes have high carbon
content and TS concentrations; these difficult degradable
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feedstocks have been stabilized efficiently by anaerobic
reactors also enabling biogas generation as one of the re-
newable energy sources [1-3]. However, paper industry
wastes contain mostly hemicellulose and cellulose and
degradation of these materials by the microorganisms are
not easy. On the other hand, inhibitory substances found
in paper wastes might cause process failure in bioreac-
tors with reduced biogas yields. These inhibitory com-
pounds are sulphuric (e.g., unionized H,S, SO,*, SO,*)
and chlorinated (e.g., Adsorbable Organic Halides and
pentachlorophenol) compounds, wood extractives (e.g.,
resin acids, fatty acids, volatile terpenes, sterols, juvabi-
ones, and tannins), and some other compounds such as
H,0, [4, 5]. Since paper and packaging materials are lig-
nocellulose-based natural polymers; they release acetic
acid, aldehydes, alcohol, and ester-based volatile organic
compounds (VOCs) due to ageing [6]. Hence, necessary
precautions against these toxic substances should be tak-
en in order to keep the digestion process at steady-state
condition for achieving an enhanced methane produc-
tion. For example, some chemical compounds such as
aldehydes (e.g., hexanal) and alcohols (e.g., 1-octanol)
might be toxic especially to the methanogenic cultures,
which adversely affect biogas yields of anaerobic process-
es with long lag phase periods at their increasing con-
centrations [3, 7]. In this context, acclimation periods
generally allow the microbial cultures to adapt unfavor-
able conditions and inoculum adaptation plays a key role
during anaerobic digestion of the inhibitory substances
in bioreactors [8]. Besides available microorganisms, the
impact of the chemical compounds on the stabilization
process change depending on the operation parameters
(e.g., pH, temperature, hydraulic retention time etc.).
Moreover, it was reported that the effect of the com-
pounds from alcohol and aldehyde groups on methane
generation has been also concentration-dependent [9].
According to Jansson et al. [3], the chemical compounds
that could affect biogas production in traditional wet an-
aerobic digestion processes were hexanal and 1-octanol
which have been detected in the wastes/wastewaters of
various industries such as food and paper sectors. Ac-
cordingly, the main source of odour in many paper with
high wood extractives is the auto- and photo-oxidation
of linoleic acid, oleic acid, linolenic acid. On the other
hand, hexanal is a well-known aliphatic aldehyde and it
is a predominant reaction product of linoleic acid (i.e., a
fatty acid component in wood extractives) oxidation and
accounts for odour nuisance in pulp and paper indus-
try. It was also reported that hexanal was the dominating
volatile aldehyde originating from pulp and paper pro-
duced for food packaging purposes. On the other hand,
a large variety of other aldehydes, ketones and alcohols
are also formed [10, 11]. Among them, 1-octanol, known
as a fatty alcohol, is described as typical volatile oxida-

tion compound of oleic acid which also contributes to
oft-flavor development and released to the environment
as a metabolite of many plants [10, 12, 13]. Octanol is
also found in paper industry wastewaters, due to its us-
age as an antifoaming agent during paper making [14].
Hence, investigation of the impact of hexanal and 1-octa-
nol on anaerobic digestion is important owing to the fact
that anaerobic treatment is mostly used to stabilize the
wastes from paper industry [3, 15]. Nevertheless, these
two compounds might be beneficial or detrimental to the
anaerobic digestion [9]. Although hexanal and 1-octanol
could be degraded by some microorganisms which are
involved in anaerobic digestion process, high concentra-
tions of these chemicals could reduce the biogas produc-
tion [3]. Hence, the aim of this work was to investigate
the impacts of 1-octanol and hexanal on cumulative
methane yield during thermophilic (55+2 °C) anaerobic
digestion of the waste from a paper industry.

MATERIALS AND METHODS

Substrate, Inoculum, and Chemical Compounds

The paper waste (PW) with a total solids (TS) and volatile
solids (VS) contents of about 28% and 27% was supplied by
a pulp and paper industry located in Varberg, Sweden. The
inoculum was obtained from a dry anaerobic digester plant
treating municipal solid waste at thermophilic conditions
(Boras, Sweden). TS content of the inoculum was 3.6% with
a volatile content of about 65% [16].

The chemical compounds examined were from two groups
i.e. alcohol (1-octanol) and aldehyde (hexanal); all provid-
ed by Sigma-Aldrich (Germany). 1-Octanol (C,H ), also
known as N-octan-1-ol or capryl alcohol, is a clear and
colorless liquid which is a fatty alcohol lipid molecule with
a molecular weight of 130.23 g/mol [12]. Besides, hexanal
(CH,,0) is also a clear and colorless liquid with a molec-
ular weight of 100.16 g/mol [17]. Both chemical solutions
were prepared by diluting pure liquid chemical compounds
with distilled water in order to achieve concentrations of
0.005%, 0.05% and 0.5% (w/v). Hence, 0.27-27 and 0.3-30
mg COD were added to each bottle by adding hexanal and
1-octanol, respectively.

Batch Reactors and Operating Conditions

The experiments were carried out at thermophilic con-
ditions (552 °C) using 118 mL serum glass bottles at
which anaerobic digestion took place. The reactors were
kept in an incubator and operated as batch systems. In
order to measure the methane production of only the in-
oculum, the blank reactors were set-up with only inoc-
ulum (Control_Seed) to be incubated without the addi-
tion of substrates and chemical compounds. On the other
hand, the control reactors were also set-up only with the
inoculum and the used paper waste (Control_PW) with-
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Table 1. The toxic concentrations of some alcohols and aldehydes in anaerobic digestion

Compound class Value Unit Reference
4-Methylbenzaldehyde 425 (IC_)* mmol/L Sierra-Alvarez and Lettinga [20]
Benzaldehyde 5.03(IC,) mmol/L

Formaldehyde 10 mg/L Qu and Bhattacharya [21]
2-Phenylethanol 46.53 (IC,) mmol/L Sierra-Alvarez and Lettinga [20]
Phenylmethanol 31.74 (IC,) mmol/L

Allyl alcohol 3000 mg/L Demirer and Speece [22]

*: The inhibitory concentration (IC, ) that reduces 50% of methane production.

Table 2. Average methane yields and standard deviations (mL CH,/g-VS)

Chemical conc. (%)

Incubation time (d)

0 2 9 13 23 29 35 45

Inoculum (Control_Seed)

0 0+0 13£1.0 38+1.6 89+4.0 102+4.2 107£5.4 11947.1 128+8.8
Paper waste + Inoculum (Control_PW)

0 0+0 34425 145+10.8 461+36.3 537+89.8 581+92.3 600£93 618+92.1
Paper waste + Inoculum + 1-octanol

0.005 0+0  39+5.1 137+1.5 400+7.8 596+13.5 628+8.9 657+12.2 675+9.1

0.05 0+0 35+4.2 133£2.3 395+14 567+36 628+13.8  655+11.8 678+12.5

0.5 0+0 34+1.1 136+8.9 381+106 527+87 563191 583491 599+96
Paper waste + Inoculum + Hexanal

0.005 0+0 37£1.6 143£11 414+51.4 615£32.7 651+45 673+40.4 685143

0.05 0+0 34+2.0 143£10 439+33.5 607+18 6461254  673+19.7 695+17.4

0.5 0+0 30+2.3 130+10.2 408+42.8 540+42.1 578+44.4  607%35.5 638+43.5
out the addition of chemical compounds. Only distilled Analytical Procedure

water was added in the blank and control flasks. All as-
says were running with the substrate to inoculum ratio of
1:2 (VS basis) in reactors corresponding to 0.5 g-VS for
the substrate and 1.0 g-VS for the inoculum (VS ,  to
VS, )+ Besides, each serum bottle except the control
ones, included 2 mL of the single selected compound. On
the other hand, the control reactors were prepared with
2 mL tap water instead of hexanal or 1-octanol solution.
Hence, the working volume for each reactor was about 45
mL with the headspace of about 75 mL. After the addi-
tion of all necessary components; each serum bottle was
sealed with a rubber septum and with an aluminum cap.
Then, the headspace of each reactor was flushed with the
gas mixture of 80% N, and 20% CO, for 2 minutes to
maintain anaerobic conditions inside the reactors. The
reactors were then incubated at 55+2 °C while they were
shaken manually once a day during the incubation peri-
od of 45 days. All experimental set-up was done in tripli-
cates (i.e., with a total of 24 flasks) and average methane
gas values were calculated.

Gas samples were taken three times a week at the first weeks
of the study, then were gradually reduced as twice a week
and once a week towards the end of the digestion period.
The total solids (TS) and the volatile solids (VS) of the sub-
strate and inoculum were determined according to Standard
Methods [18]. On the other hand, the biogas samples were
taken from each reactor’s headspace using a 250-pL pres-
sure-lock gas syringe (VICI, Precision Sampling Inc., Ba-
ton Rouge, LA, USA). Gas measurement and analysis were
conducted as described in a previous study by Teghammar
etal. [19] and each methane (CH,) by volume was obtained
at standard conditions (0 °C and 1 atm). The compositions
[methane (CH,), hydrogen (H,), carbon dioxide (CO,)] of
the produced biogas were determined using a gas chroma-
tography (Perkin-Elmer Clarus 590, Perkin-Elmer Inc.,
Waltham, MA, USA) equipped with a packed column (6’ x
1.8” OD, 80/100, Mesh, Perkin Elmer Inc., Waltham, MA,
USA) and a thermal conductivity detector (Perkin-Elmer
Inc., Waltham, MA, USA) at an inject temperature of 150
°C. The carrier gas was nitrogen operated with a flow-rate
of 20 mL/min at 60 °C.



Environ Res Tec, Vol. 6, Issue. 1, pp. 54-59, March 2023

57

Table 3. Effect of the additions of chemical compounds on biogas production at different concentrations

Reactor content Chemical Chemical Net methane yield Variation*"
compound concentration (%) (mL CH,/g-VS) (%)

Inoculum (Control_Seed) - 0 128 -

Paper waste + Inoculum (Control_PW) - 0 490 -

Paper waste + Inoculum 1-octanol 0.005 547 (+)9
0.05 550 (+)10
05 471 ()3

Paper waste + Inoculum Hexanal 0.005 557 (+)11
0.05 567 (+)12
05 510 (+)3

a: [(CH, produced by feedstock with chemical compound-CH, produced by control)/(CH, produced by control)x100]; b: Enhancement is indicated by (+) where-

as retardation is indicated by (-) in net methane yield.

RESULTS AND DISCUSSION

Since some alcohols and aldehydes found in paper wastes
might cause process failure in bioreactors; necessary pre-
cautions against these toxic substances should be taken in
order to keep the digestion process at steady-state condi-
tion for achieving an enhanced methane production [7].
The toxic concentrations of some alcohols and aldehydes in
anaerobic digestion are presented in Table 1.

Since Jansson et al. [3] performed a similar study with hex-
anal and 1-octanol at mesophilic (37+1 °C) condition; this
particular study was performed in order to investigate the
effects of these selected compounds on biogas production
at the same concentrations at thermophilic (552 °C) con-
dition. Hence, 1-octanol and hexanal were added into the
reactors to achieve concentrations of 0.005, 0.05, and 0.5%
(w/v). The results showed that addition of 1-octanol and hex-
anal at concentrations of 0.05% resulted in increased biogas
production (Table 2) after 45-days incubation period. The
highest net methane yields were 550 and 567 mL/g-VS_,
respectively in the presence of 1-octanol and hexanal at a
concentration of 0.05%. These results corresponded to about
10% and 12% enhancement in cumulative methane produc-
tion, respectively compared to the control reactor (490 mL
CH,/g-VS, ) digesting only the paper waste. Hence, adding
both compounds to 0.05% was beneficial for the digestion
process. Even at 0.5%, hexanal was somewhat beneficial;
however, 1-octanol at this concentration showed a slight
effect with a retardation in biogas generation of about 3%
decrease. Accordingly, cumulative methane yield for 1-octa-
nol was 471 mL CH,/g-VS, , whereas it was 510 mL CH,/g-
VS, , for hexanal compared to the control reactor (490 mL
CH,/g-VS, ). Hence, it could be concluded that increasing
concentrations of both chemicals from 0.05% to 0.5% in-
dicated not significantly different methane yields than that
obtained from only paper waste in the control reactor. Effect
of the additions of chemical compounds on net methane
yields are presented in Table 3. In this context, continued
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Figure 1. Biogas generation during thermophilic anaerobic
digestion of paper waste with (a) 1-octanol and (b) hexanal
at different concentrations in comparison to control reac-
tors (without chemical compounds) .

biogas productions revealed the probable consumption of
both chemicals up to a certain concentration by the anaer-
obic microorganisms available in thermophilic batch reac-
tors. The effect of the selected compounds from alcohol and
aldehyde groups on the initial digestion rate is presented in
Figure 1a for 1-octanol and in Figure 1b for hexanal.
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Although adding 1-octanol and hexanal did not indicate
any apparent inhibition on anaerobic digestion perfor-
mance of the paper waste up to 0.5% at thermophilic (5542
°C) condition, Jansson et al. [3] who performed a similar
study with the same hexanal and 1-octanol concentrations
reported contrary findings at mesophilic (37+1 °C) condi-
tion. Accordingly, they reported substantial inhibition and
lower methane yields at all concentrations irrespective of
the chemical compound used. On the other hand, long lag
phase was not observed in this particular study unlike Jans-
son et al. [3]. Accordingly, they previously reported more
than 20 days for hexanal and 80 days for 1-octanol during
mesophilic digestion of paper waste in similar batch assays
at S/I ratio (VS basis) of 1.0 with a TS of 16%. Therefore,
since the addition of the same alcohol and aldehyde sources
up to a concentration of 0.05% improved the performance
of the anaerobic process with an increase in methane yield
in this particular study, it was probably due to the difference
in initial VS content fed [23] into the batch reactors as well
as due to higher (i.e., thermophilic) operating temperature.
Meegoda et al. [24] also reported that reaction rates are in-
creased at higher temperatures which result in a possibility
of higher loading rates and improved biogas yields.

In conclusion, contrary to expectation, the selected chem-
ical compounds did not indicate notable toxic effect on
methane production in the batch assays even the concentra-
tion increased to 0.5% for 1-octanol and hexanal. However,
preliminary results revealed that the toxic effects of both
selected compounds would be observed at different operat-
ing conditions [3]. Moreover, higher concentrations of the
chemical compounds from alcohol and aldehyde groups
would exert inhibitory effect especially when their thresh-
old levels are exceeded in anaerobic reactors digesting the
wastes from industries such as food and paper facilities.

CONCLUSIONS

According to the results, cumulative methane yields mea-
sured in the batch assays showed that the degradation pro-
cess was not slowed down and the externally added com-
pounds from the alcohol (1-octanol) and aldehyde (hexanal)
groups up to a concentration of 0.05% made it possible for
the methanogens to produce a higher amount of ultimate
biogas. Hence, addition of the selected compounds was ben-
eficial for the digestion and improved the performance of the
anaerobic process with an enhancement in methane yield of
10% for 1-octanol and 12% for hexanal. Accordingly, com-
pared to the control reactor which only included the paper
waste; net methane yield for 1-octanol was 550 mL CH,/g-
VS,., whereas it was 567 mL CH,/g-VS,, for hexanal at
0.05% concentration of each compound. When it comes to
the effects of the selected chemical compounds at 0.5% con-
centration of each, no remarkable toxic effect on methane
production was observed even the concentration increased

up to 0.5% for both compounds. Accordingly, methane
yields indicated a slight increase for hexanal whereas a slight
decrease for 1-octanol even at 0.5% concentration. Contrary
to expectations, the reason why methane yields did not de-
crease even with increasing concentrations of both chemical
compounds, was probably due to the fact that threshold lev-
els were still not exceeded in the batch assays. In conclusion,
continued biogas productions also revealed the probable
consumption of both chemicals up to a certain concentra-
tion by the anaerobic microorganisms available in the reac-
tors digesting paper waste at thermophilic temperature.
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INTRODUCTION

ABSTRACT

Global average temperatures are increasing in direct proportion to the increase in carbon di-
oxide (CO,). A significant part of this increase comprises the aviation and tourism sectors. In
particular, the rapid growth of the aviation industry and its relationship with tourism develop-
ment constitutes an indispensable problem for the future in the fight against the climate crisis.
In this study, it has been revealed that the aviation industry is not innocent at all regarding the
climate crisis when combined with tourism. The study examined flights’ average personal car-
bon footprint to Cappadocia Airport between 2016 and 2019. The Cappadocia region stands
out because it is an important tourism region of Turkiye and is located right in the middle of
Turkiye. In the review, 2019 was the period with the highest emissions of 27,464.08 tons CO,.
On the other hand, 2017 was the year that emitted the least, with 8121,29 tons CO,. The per-
sonal carbon footprint from total flights was 61,951 kg CO,. While the individual carbon foot-
print was the highest in 2016 with 70,617 kg CO,, 2019 was the year with the lowest personal
carbon footprint with 56,419 kg CO,. As a result, while there is a direct proportion between
the number of flights and the total increase in CO,, the personal carbon footprint has changed
according to the number of passengers. Transportation preferences should be reviewed con-
sidering the location of the Cappadocia region and Turkiye’s transportation policy.

Cite this article as: Giirgam S. Determination of personal carbon footprint in aviation and
tourism axis: Cappadocia Airport case. Environ Res Tec 2023;6:1:60-67.

pecially in the last 20 years, the growth in the commercial
aviation sector has been more than the growth in total emis-

Greenhouse gases (GHG) originate from various sectors.
Among these, the aviation sector stands out in terms of rap-
id growth, although its rate is low. Between 1970 and 2019,
there was a 77% improvement in passenger energy density,
expressed in British Thermal Units, with improvements in
the engine and design sector, efficiency in air traffic opera-
tions, denser seat configurations, and more passengers. Es-
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sions. However, with the increased demand, the increase in
destinations, the increase in the number of aircraft, and the
increasing impact of the sector on global trade and economy,
there has been a rapid increase in emissions from aviation [1].
According to the International Council for Clean Transport,
emissions from all commercial operations increased by 29%
between 2013 and 2019, reaching 918 million metric tons [2].
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According to the International Civil Aviation Organiza-
tion, by 2050, GHG emissions from the aviation sector may
increase by two to four times compared to 2015 emission
levels [3]. The rapid recovery and growth in the sector af-
ter the COVID-19 epidemic, especially the increase in de-
mand, stands as the biggest obstacle to controlling emis-
sions in the commercial aviation sector [1]. The first of the
individual measures to be implemented for this purpose
is the calculation of the carbon footprint. All responsible
countries and institutions, especially those that are party to
the Paris Agreement, should take measures to reduce their
carbon footprints. Knowing the carbon footprint, as mea-
sured by carbon dioxide (CO,) emissions caused by human
actions and understanding what it takes to minimize it is
essential to combat the climate crisis individually. Airports
are constantly overflowing, and the density is much high-
er, especially in summer. More than 1.1 billion passengers
flew in the United States of America (USA) alone in 2019,
both domestically and internationally. Each individual who
makes these flights has left an individual carbon footprint
on the climate crisis. Although people have carbon foot-
prints because of different efforts, the carbon footprint re-
sulting from air travel is at the top of these [4].

Another area that is intertwined with the aviation indus-
try in terms of carbon footprint is the tourism industry.
Tourism is one of the most extensive economic activities of
the global economy, with 1.4 billion tourists in 2018. GHG
from tourism correspond to 8% of global emissions. Im-
provements in the fight against the climate crisis, especial-
ly in other sectors, have not been observed in the tourism
sector [5].

In this study, the aviation sector, which proliferates in terms
of the climate crisis and causes global warming in direct
proportion to this growth, has been examined. With the
study, the personal carbon footprint originating from the
aviation sector has been handled specifically for Cappado-
cia Airport in Turkiye. As a result of the study, it is seen
that although it provides great economic, tourism, and
commercial returns, it is not very innocent in terms of the
environment. Cappadocia Airport was considered because
its location attracts attention in terms of tourism, and it is
located at a middle point that can be considered equidistant
from every average region of Turkiye. This could enable the
use of alternative vehicles that could result in fewer emis-
sions. In the study, the personal carbon footprint resulting
from air travel to Cappadocia Airport between 2016-2019
was determined and discussed at the political level. It is
especially important to consider the years 2016-2019 in
terms of revealing the real development of the aviation
industry before COVID-19. In addition, this study differs
from studies that only examine total emissions in terms of
bringing together different disciplines in which Turkiye’s
transportation policy is evaluated on the axis of aviation
and tourism in a single study and evaluating emissions per

passenger. For example, [6] tried to determine the emission
values to determine the effect of Igdir Airport on air pollu-
tion in Igdir province, [7] studied the emissions from total
flights to Mugla Airports to studies measuring the effect of
aviation on air quality [8, 9]. For this reason, this study will
be a pioneer in contributing to future studies by addressing
personal carbon footprints within the scope of aviation and
tourism sectors.

CARBON FOOTPRINT, AVIATION AND TOURISM

The carbon footprint is generally calculated as a one-year
CO, equivalent and is expressed as the weight in tons of
CO, emissions produced [10]. In short, it is the number of
GHG produced by human actions [11, 12]. According to
Mike Berners-Lee, the author of The Carbon Footprint of
Everything, it is defined as the sum of all GHG emissions
necessary for producing or producing a product [13]. You-
matter [10], on the other hand, defined it as GHG that arise
due to the lifestyles and actions of individuals.

The transportation sector approaches around 14% of global
emissions (including non-CO,) gases, while consumers burn
fossil fuels, which account for about a quarter of CO, emis-
sions [14]. In particular, the transportation sector is one of
the most extensive parts of the individual carbon footprint
in rich countries that use it frequently. For example, using a
bicycle instead of a car for short-haul journeys reduces the
carbon footprint from transportation by 75%, while using a
train instead of a car for medium-haul journeys reduces the
carbon footprint by 80%, and traveling by train instead of a
domestic flight reduces its carbon footprint by 84% reduc-
es. Factors such as the distance of travel, the occupancy of
public transportation, and the rate of fuel used (such as fos-
sil fuels or electric vehicles) also affect the carbon footprint
when using public transportation. However, walking or cy-
cling for short and medium-distance trips are the vehicles
with the lowest carbon footprints. The electricity generation
source used in a region also affects the carbon footprint. For
example, if electricity is provided through nuclear energy or
renewable energy, rather than a thermal power plant where
electricity is produced from coal, then it is more efficient to
use electric vehicles or prefer rail transportation. For exam-
ple, in France, which produces 90% of its electricity from
low-carbon sources (70% of nuclear energy), on average, if
Eurostar rail transportation is preferred instead of traveling
by plane for short distance journeys, there will be a 96%
reduction in carbon footprint [15].

Traveling by plane or alone by car is the means of trans-
portation with the most carbon impact. The distinction
between the two depends on the distance traveled. For
example, if traveling to a medium-distance destination is
less than 1000 km, traveling by plane causes a larger carbon
footprint. However, if the distance is more than 1000 km
and you are traveling by car alone, then the plane causes
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less carbon footprint. For example, traveling alone between
London and Edinburgh with a distance of 500 km will cause
around 100 kg CO, equivalent, while traveling by plane will
have 128 kg CO, equivalent, and if this distance is done by
train, it will have 21 kg CO, equivalent [15]. According to
the European Environment Agency (Fig. 1), the transport
sector produces the most CO,/gram emissions per passen-
ger kilometer of air travel.

Tourism has a share of 8% of global GHG emissions. Trans-
portation is the main source of greenhouse gas emissions
from tourism. In terms of carbon footprint, airplanes and
cars produce the most CO, per passenger, while tour buses,
ferries, and trains are other carbon footprint causes. Most
of this carbon footprint from tourism consists of visitors
from high-income countries, especially from the USA.
More precisely, as the incentives for air travel increase, tick-
et prices get cheaper, and people can afford to travel, the
tourism-related carbon footprint will also increase. Tour-
ism emissions from vehicles increased by more than 60%
between 2005 and 2016 [17]. The sectoral distribution of
the personal carbon footprint resulting from global tourism
is shown in Figure 2.

CASE STUDY: CAPPADOCIA REGION AND
CAPPADOCIA AIRPORT

Cappadocia consists of a region that emerged because of
the erosion of soft layers formed by ash and lava 60 mil-
lion years ago by wind and rain for millions of years. This
region, rich in tourism hosts millions of tourists, is a re-
gion where history and nature integrate most beautifully
in the world [18, 19]. In 2019, 3 million 834 thousand 134
tourists visited the museums and ruins in Turkiye’s favorite
tourist region, Cappadocia. The number of people visiting
the tourist centers in Cappadocia in 2019 increased by 30%
compared to the previous year, which was considered the
“golden year” in the region, 73% compared to 2017 and
157% compared to 2016 [20].

The existing airport of Cappadocia, which appeals to such
a vast region, also has many valuable and important quali-
ties. Nevsehir Cappadocia Airport is an airport that was put
into service for domestic and foreign tourists in 1998 (Fig.
3). Additionally, Nevsehir Cappadocia Airport has 3500 m?
of common-use area. In addition to this feature, there is a
domestic and international terminal with an annual pas-
senger capacity of 700,000. Additionally, there is a concrete
runway of 3000x45 m, 110 PCN strength, and a concrete
apron of 240x120, 110 PCN strength, with a capacity of 5
aircraft [21-23].

In addition to all this information, it will be possible to
clearly say that Nevsehir Cappadocia Airport hosts hun-
dreds of thousands of domestic and foreign tourists annu-
ally in certain periods.
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Figure 2. Carbon footprint of global tourism (2018) [17].

MATERIAL AND METHOD

In this study, all of the real-time data used to determine the
average passenger carbon footprint of all flights to Nevse-
hir Cappadocia Airport between 2016-2019 were officially
obtained from the General Directorate of Civil Aviation.
Flights between 2016-2019 include both domestic and
international flights. In addition, these data could not be
used since there were no flights due to the renovations
made at the airport between May 1 and October 31, 2017.
In this study, the Tier 1 method, one of the three methods
recommended by the Intergovernmental Panel on Climate
Change (IPCC), was used in carbon footprint calculations.
In the Tier 1 method, calculations made with the amount
of fuel according to the type of fuel burned from the na-
tional energy statistics and only the assumed emission fac-
tors are sufficient. In this study, CO, emissions produced
during the period from starting the engine to stopping are
taken into account. The steps to be followed in determin-
ing the personal carbon footprint from flights are: Tj (fuel
consumption), Ef (emission factor), n (number of occupied
seats), and CFP (CO, emissions per person). Firstly, total
CO, emission is given in equation (1), while personal car-
bon footprint is given in equation (2). [25-27]:



Environ Res Tec, Vol. 6, Issue. 1, pp. 60-67, March 2023 63
) - o
A Soci
/ V. o chm
arna
Bapha Karadeniz 9/,’\/\\
g o \m‘ AL
ARTEP. Viadikavkaz
= S\ Bnanuxas<as
Burgaz ¥ ke
< Byprac -7 ) Al
istan Q . -~
.. of \
Gircistan, «
H\'J\’\/‘M Batum
TQEdirne S 2
3 vl Jai Tifli
o~ _— S R )
) Istanbu ’ e Rice ,\R‘/M 1
resun o] o
o
Kars }
o
Gonayydle \Ermenis
Erzurum =
Balikesir 2 Sar :
o b yu ;/\ —
BY|
)
. \
okysz 3
A { N1 (NAV) \
i ' O . Van :
2mit ksaray Kayseri Malatya o |
i o o ~
"‘6- Diyarbakir A
Denizli o o o
g Kanramgnmavas g H'\‘
St Mardin =e ’\
odrun Gaziante s 2 Y/ S )
Bodium Al Adana gimep ° P I 7 4
Fethty a > 47N\ P /
no" Sideo Alagya Mecr)sin (F Y T e = Musul  Erhil
/ o Ju)
Antakyao |
Y \
o \ s
g )
1o Lefkosa / o
AEUKWoLa [ Kerkik
RO ko Suriye ‘ X
Acpvaxa
Bafy o — /
oo /Z\ /
i s

Figure 3. Location of Cappadocia Airport in Turkiye (edited using Google maps) [24].

20, = TjxEf (1
TjxEf

n @)

The emission factor here is 3.157, which refers to the CO,
produced due to the combustion of 1 kg of fuel. That is,
burning 1 kg of fuel causes 3.157 kg of CO, [28, 29].

CFP =

RESULTS

Table 1 gives numerical data for determining the personal
carbon footprint resulting from flights to Cappadocia Air-
port between 2016-2019.

When Table 1 was examined, the year with the highest
number of flights to Cappadocia Airport between 2016-
2019 was 2019, and the year with the least number of flights
was 2017 when the renovation works were considered.
While the month with the most flights was October 2019,
with 340 flights, the month with the least flights (exclud-
ing the dates closed due to renovations) was February 2017,
with 123 flights. On a total basis, it is seen that the number
of flights increased between May and October. Additional-
ly, while domestic and international flights occurred in all
years, domestic flights showed a more regular distribution.
While the most international flights were in 2018, with nine

flights, the least was in 2017 and 2019, with seven flights.
While most of the domestic flights were realized in 2019
with 3092 flights, the lowest number of domestic flights
were realized in 2017 with 924.

As shown in Table 2, the year with the highest fuel consump-
tion in flights to Cappadocia Airport between 2016-2019 was
8699.45 tons, while the minor fuel consumption was in 2017
with 2572,48 tons. The general reason that determines the
maximum and minimum fuel consumption is the number of
flights. Similarly, the month with the highest fuel consump-
tion in all years was October 2019, with 922,59 tons, while
the month with the lowest fuel consumption was February
2017, with 348.68 tons. Generally, there is a direct correlation
between the number of flights and fuel consumption.

Table 3 tabulates the total number of passengers flying on
a monthly and annual basis between 2016 and 2019. When
Table 3 was examined, the highest number of passengers
were transported to Cappadocia Airport in 2019, with
486,782, while the least number of passengers were carried
in 2017, with 123,352. Similarly, the month with the highest
number of passengers in all years was October 2019, with
53,818 passengers, while the month with the least number
of passengers was February 2017, with 16,530 passengers.
Generally, there is a direct proportion between the number
of flights and the number of passengers.



64

Environ Res Tec, Vol. 6, Issue.

1, pp. 60-67, March 2023

Table 1. Total number of domestic and international flights between 2016 and 2019

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tot
2016-Dom 152 192 163 251 332 297 323 309 258 210 160 170 2825
2016-Int 1 1 0 0 0 0 2 2 2 0 0
2017-Dom 164 119 152 194 0 0 0 0 0 0 147 148 931
2017-Int 2 4 1 0 0 0 0 0 0 0 0 0
2018-Dom 148 148 172 240 244 239 0 254 244 245 164 164 3271,
2018-Int 2 1 3 0 0 1 0 1 1 0 0
2019-Dom 182 164 192 257 286 290 272 289 317 340 263 240 3099
2019-Int 0 2 2 0 0 0 1 1 1 0 0
Table 2. Average fuel consumption (tons) from monthly and annual flights between 2016 and 2019

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tot
2016 436.21 553.35 427.69 689.79 886.59 777.77 899.14 870.64 730.59 57526 440.93 450.03 7737.99
2017 464.60 348.68 415.57 524.55 0 0 0 0 0 0 403.99 415.09 2572.48
2018 426.99 431.63 516.58 666.11 663.37 672.05 0 723.94 704.10 696.09 459.38 452.15 6412.39
2019 512.20 478.01 529.53 757.64 840.81 838.63 756.49 828.47 890.31 92259 699.97 644.80 8699.45
Table 3. The total number of passengers flying on a monthly and annual basis between 2016 and 2019
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tot
2016 18.196  23.652 19.650 30.965 41.754 31.306 37.322 40.264 32.805 27.740 21.468 20.807 345.929
2017  21.935 16.530 19.328  26.226 0 0 0 0 0 0 19.629 19.704 123.352
2018 21.794 21.807 24.429 36.442 33.335 33.868 0 39.443  39.272 40.169 25494 23.375 339.428
2019 27.165 25.161 30.279 44.672 44796 46.435 45.736 49.353 52.373 53.818 35294 31.700 486.782
Table 4. Average CO, (tons) emissions from monthly and annual flights between 2016 and 2019
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tot

2016 1377.11 1746.92 1350.21 2177.66 2798.96 2455.41 2838.58 2748.61 2306.47 1816.09 1392.01 1420.74 24.428.77
2017 1466.74 1100.78 1311.95 1656.00 0 0 0 0 0 0 1275.39 1310.43 8121.29
2018 1348.00 1362.65 1630.84 2102.90 2094.25 2121.66 0 2285.47 2222.84 2197.55 1450.26 1427.43 20.243.85
2019 1617.01 1509.07 1671.72 2391.86 2654.43 2647.55 2388.23 2615.47 2810.70 2912.61 2209.80 2035.63 27.464.08

Table 5. Average personal carbon footprint CO, (kg) from monthly and annual flights between 2016 and 2019

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Yearly
2016 75.682 73.859 68.712 70.326 67.034 78432 76.056 68.264 70.308 65468 64.841 68.281 70.617
2017  66.867 66.592 67.878 63.143 0 0 0 0 0 0 64.974  66.505 65.838
2018 61.851 62.486 66.758 57.705 62.824 62.644 0 57.943 56.601 54.707 56.886 61.066 59.641
2019 59.525 59976 55210 53.542 59.255 57.016 52.217 52995 53.666 54.119 62.611 64.215 56.419

As can be seen in Table 4, the highest CO, (ton) emission
was realized in 2019 with 27,464.08 tons CO,, while the
lowest CO, (ton) emission was 8121.29 tons CO, in 2017.
The highest CO, (ton) emission was in October 2019 with

2912.61 tons CO,, while the least CO, (ton) emission was
in February 2017 with 1100.78 tons CO,. The results in this
table show that there is a direct relationship between the
number of flights and CO, (ton) emissions.
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Within the framework of these findings, a total of 80,258.23
tons CO, emissions were made according to equation (1).
According to equation (2), the value of 61,951 kg CO, per
person is reached. However, annually, the highest individ-
ual average carbon footprint was 70.617 kg CO, in 2016,
whereas the most diminutive personal average carbon
footprint was 56,419 kg CO, in 2019. June 2016 was the
month with the highest personal average carbon footprint
of 78,432 kg CO,, while the lowest private average carbon
footprint was recorded in July 2019 with 52,217 kg CO,.
These carbon footprint data are given in Table 5.

DISCUSSION AND CONCLUSION

ICAO’s Carbon Offset Reduction Plan for International
Aviation (CORSIA) is more of a balancing program than
an emission reduction. Since factors such as not taking
essential steps in the Conference of the Parties (COP/26-
COP/27) meetings and being away from carbon neutrality
expected in 2050, alternative fuels and technological devel-
opments are the only expectations for the aviation indus-
try in the short and medium term, the aviation industry is
constantly behind a smoke screen is growing. It increases
the sector’s share in the climate crisis and, frankly, it cannot
be stopped except for global problems. For example, the In-
ternational Air Transport Association (IATA) predicts that
European air travel volumes will reach pre-pandemic levels
again by 2024 [30].

Although the aviation sector has a small share in the global
total CO, emissions, it has a large share in terms of per-
sonal carbon footprint. This issue is considered one of the
greatest injustices in the world. This is just like the countries
with historical responsibilities with the largest climate crisis
share. Because according to frequently cited estimates, 80%
of people worldwide have not traveled by plane. There are
also differences between the countries in terms of domestic
flights. The biggest reason for this is, of course, the develop-
ment indices encountered in domestic flights and the aver-
age individual carbon footprints of the countries. The use of
domestic flights is increasing according to the development
levels in these countries. For example, a person using do-
mestic flights in the USA emits an average of 386 kilograms
of CO, per year, while in Australia, 267 kg, 209 kg in Nor-
way, 174 kg in New Zealand, and 168 kg in Canada. In most
countries in Africa, Asia, and Eastern Europe, emissions
per capita are less than one kg. Although this ratio is 0.8 kg
on average, it is 0.14 kg in Rwanda [31].

In terms of the findings obtained in the study, although
there is a direct correlation between the total emission rates
and the number of flights in general, this direct ratio did
not show itself in the personal carbon footprint. Having
the lowest carbon footprint, especially in the year with the
most flights, is an issue related to the total number of pas-
sengers rather than the total number of flights. Because as

the passenger capacity of the aircraft increases, the average
personal carbon footprint decreases. This is a matter of how
many passengers the planes carry rather than the number
of planes taking off and landing. Considering the flights to
the Cappadocia region, domestic flights come to the fore.
This brings Turkiye’s national transportation policy to the
fore in this regard. From the perspective of Turkiye or the
working axis, the Turkish aviation sector is growing rapidly.
This situation will rapidly increase the share of the aviation
sector in the national greenhouse gas rate. Therefore, Tur-
kiye should go through a major change in transportation
preferences. As long as it maintains its air and land trans-
port policy, it will fail to tackle the climate crisis and green
transformation. Therefore, by investing in rail transport,
Turkiye should determine a cleaner transportation choice
as a vision in the fight against the climate crisis. This is the
reason why Cappadocia airport is discussed in this study.
Although the Cappadocia region is located in the heart of
Turkiye (4 h from Ankara, 7.5 h from Istanbul, 11 h from
Izmir, and 7.5 h from Antalya), it has adequate transporta-
tion (the nearest train station is in Kayseri) network does
not have. The fact that people do not have sufficient trans-
portation networks causes them to prefer the airline. This
increases both the total emissions and the personal carbon
footprint. In other words, traveling to Cappadocia from one
point in Turkiye as a family or as an individual, instead of
choosing an airline, is much more innocent than choosing
airline transportation. Considering that most flights are
made from Istanbul (759 km), traveling by car will be more
beneficial in terms of both overall emissions and personal
carbon footprint. Additionally, the increase in the frequen-
cy of travel with the rise in the carbon footprint of people
living in developed countries and the increase in the welfare
level of people living in Turkiye is the same issue. Because
the level of welfare and the increase in the transportation
network bring the preference for air transportation to the
fore, for this reason, railroad transportation in Turkiye
should be built quickly, especially in tourism regions where
human flow is intense. Like a spider web, tourism regions
should be connected to central cities and each other. Thus,
it is inevitable that transportation preferences to change
and transportation (freight) preferences change. This will
enable a cleaner transport system. Otherwise, the intense
human flow will continue to increase in these regions, and
thus, transport emissions will increase rapidly.

For many, travel is a way of seeing the world, while for oth-
ers, it is a means of transportation for work. Whatever the
reason for flying, it is important to remember how it con-
tributes to the persons overall carbon footprint and what
can be done to save money. We also need to be more realis-
tic about our contributions to the climate crisis. Especially
since we cannot change the air transportation system with a
magic wand, we must evaluate our duties realistically. This
is both in general and in Cappadocia;
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a) Choosing an airline that uses newer, more energy-effi-
cient aircraft will contribute more to reducing its carbon
footprint.

b) Airplanes use much energy during take-off and land-
ing, which causes more emissions. Therefore, non-stop
flights will save more fuel per flight and cause less car-
bon footprint.

¢) Flying in business or private seats cause four times more
carbon emissions than other economy seats. Therefore,
preferring frequent-seat aircraft or flying in economy
class seats will cause less carbon footprint.

d) Itisalso beneficial for light travel in terms of the climate
crisis and personal carbon footprint. This is because the
weight of the aircraft significantly affects the use of fuel
to stay in the air during take-off and flight. This will af-
fect the emissions rates.

e) Considering the location of Cappadocia, driving alone
is generally more environmentally friendly than flying,
especially at distances below 1000 km.

In short, traveling by plane is unsustainable, and if we can
and should make more environmentally friendly choices
that help make the world cleaner, it is also true that it is
time to act. Passenger numbers have been increasing ex-
ponentially recently, and more and more people are using
planes due to low-cost airlines’ offers that allow us to reach
new destinations in small quantities.
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INTRODUCTION

ABSTRACT

A lab-scale up-flow anaerobic sludge blanket (UASB) reactor was used for biogas produc-
tion from the citrus juice process wastewater (CPWW). The volume of the reactor was 11.5
L. During 200 days of the reactor, the organic loading rate (OLR) value changed from 1.8-
21.9 kgCOD./m’.d, upflow velocities (Vup) 0.1-5.2 m/h and hydraulic retention time (HRT)
changed from 0.042 to 4.16 days. The reactor showed a stable performance at all organic
loadings. Experimental chemical oxygen demand (COD) removal efficiencies were 71.5+21%
and 83.3£16.3% for total COD (TCOD) and soluble COD (SCOD), respectively. The acetic
acid concentration changed from 135 to 650 mg/L. The temperature was kept in the range of
35.1%£1.4 °C, the pH in the range of 6.6+0.2, and the alkalinity was controlled daily and kept
in the range of 411+273 CaCO, mg/L. After anaerobic reactions, 6283+3476 m*/d biogas was
produced and the methane concentration in the biogas was 65.5+11.5%. Depending on the
methane production, the annual energy value potential that can be obtained from the existing
UASB reactor is estimated as 48,768 kWh.

Cite this article as: Durak SG, Acarer S, Tiirkoglu Demirkol G. Treatment of citrus juice pro-
cess wastewater with UASB and biogas production. Environ Res Tec 2023;6:1:68-77.

citrus juice process facilities, water is used in many stages
such as during the transportation of the products, wash-

The fruit juice processing industry consists of 3 parts: the
clear part where fruits such as apples and cherries are pro-
cessed, the blurred part where fruits such as peaches and
apricots are processed, and the citrus part where fruits such
as oranges, lemons, tangerines, grapefruit, limes, bergamot,
and lemons are processed [1, 2]. It is common for the citrus
line to consume large quantities of water, and wastewater is
produced in direct proportion to this consumption. In the
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ing, rinsing, pressing the fruits, washing the glass bottles,
container washing, filtration, and grinding of the juice [3].
During all of these processes, wastewater is produced in
large quantities. The continuous use of clean water at vari-
ous stages of citrus processing is common. However, the to-
tal amount of wastewater is more than 10 times the volume
of citrus juice produced [4-6].

This paper has been presented at Sixth EurAsia Waste Management Symposium (EWMS 2022)/Istanbul, Turkiye / 24-26 October 2022.

Published by Yildiz Technical University Press, Istanbul, Tiirkiye
BY _NC

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


https://orcid.org/0000-0003-4273-7417
https://orcid.org/0000-0001-6733-2067
https://orcid.org/0000-0001-8222-5497

Environ Res Tec, Vol. 6, Issue. 1, pp. 68-77, March 2023

69

In general, CPWW can be thought of as dilute solutions of
citrus juice. Wastewater from citrus processing has a high
water (80-90%) and organic matter (95%) content [7]. Nu-
merous treatment processes have been applied for citrus pro-
cessing waste and wastewater from the past to the present.
These include ponding and chemical flocculation, spreading,
spray irrigation, artificial aeration, yeast production, anaero-
bic ponding, trickle filtration and activated sludge, anaerobic
digestion, and membrane filtration [8]. Due to its high or-
ganic matter content and the growth of the microbial mass,
biological treatment has been applied in the treatment of
CPWW in recent years [9]. Because treatment plants based
on physical and chemical treatment are expensive and rarely
reliable and efficient, it has limited use for CPWW. For exam-
ple, the removal of CPWW by evaporation creates a high en-
ergy requirement. A disadvantage is the removal of dissolved
and total suspended solids (TSS) by flocculation and the high
cost of flocculation materials as well as low removal efficien-
cy. The CPWW's contents make biological treatment suitable
[2]. Anaerobic treatment is preferred over biological treat-
ment methods. Facultative and anaerobic microorganisms
convert organic materials into carbon dioxide (CO,) and
methane (CH,) in the absence of oxygen [5]. Also, thanks
to anaerobic digestion, there is less sludge production, more
energy gain, and, above all, less cost [10]. Biogas produced
after anaerobic treatment can be used for steam production
in boilers and meets the energy demands of the unit [11].

Factors such as temperature, OLR, alkalinity, pH and HRT
affect the performance of the bacteria and the yield of the
biogas produced [5]. In particular, OLR and HRT are im-
portant factors in the set-up phase, as they allow the deci-
sion to be made on the amount of feed to the reactor. These
two factors determine the final amount of hydrolysis and
methanogenesis in the UASB reactor. OLR is an import-
ant parameter that must be kept under control for maxi-
mum biogas production and high COD removal [12]. The
occurrence of anaerobic reactions at lower HRT is an ad-
vantage over other digestion methods [13]. Along with all
these advantages, the anaerobic digestion of citrus residues
makes it possible to reduce wastewater disposal problems.
In addition, since it has a high phosphorus content as a final
product, it can be applied directly to the soil as a fertilizer
or organic substance. The high rate of methane production
compared to other industries is the reason why anaerobic
methods are preferred for CPWW [2].

Some anaerobic treatment methods applied for CPWW are
two-stage anaerobic sequencing batch reactors [8, 14-16],
upflow anaerobic sludge bed reactors [17-19], lab-scale
completely stirred tank reactor [20], thermophilic downflow
stationary fixed film anaerobic reactor [21], anaerobic hybrid
reactor [22], anaerobic sequencing batch reactor [23], lab-
scale horizontal flow anaerobic immobilized biomass reactor
[24], two-stage anaerobic digestion [25] and pilot-scale up-
flow anaerobic sludge blanket reactor [26] methods.

Table 1. Citrus juice wastewater characterization

Parameter Wastewater
SCOD (mg/L) 7.760+0.02
TCOD (mg/L) 12.926+0.09
TKN (mg/L) 29.3+1.3
TP (mg/L) 9.7+0.01
pH 4.64+0.3
VFA (as acetic acid) (mg/L) 27.5+1.7
TSS (mg/L) 1.442+0.05
Conductivity (mS/cm) 1.35+0.02

This study aimed to present the results obtained by an-
aerobic digestion of citrus process wastewater to achieve
high biogas production and COD removal. Moreover, the
amount of biogas produced was used to estimate the elec-
trical energy potential.

MATERIALS AND METHODS

Wastewater Characteristics

In this study, treatment efficiency and biogas production
performance were investigated by using UASB reactor for
CPWW treatment. Wastewater was supplied from a fruit
juice production facility with a total fruit processing capac-
ity of 125,000 tons. There is an annual inflow of 75,000 tons
of citrus fruit to the facility, and the amount of freshwater
entering the facility for production is 720,908 m® per year
on average. The amount of wastewater coming out of the
facility is 127 m® per day on average.

SCOD, TCOD and volatile fatty acids (VFAs) (as acetate)
concentrations, total Kjeldahl nitrogen (TKN), total phos-
phorous (TP) and TSS concentrations, pH and electrical
conductivity values of CPWW are given in Table 1.

The Experimental Setup

The lab-scale UASB reactor in the study was made of plexi-
glass, with a diameter of 0.12 m, a length of 1.5 m, and an
effective volume of 11.5 L (Fig. 1). There was a gas/liquid/
solid separator at the top of the reactor. The gas was col-
lected at the upper point as separated and the gas flow was
measured with a wet gas meter. Liquid products, on the
other hand, were taken to the collection container by weirs
from the upper part (Fig. 1-Part 5). The temperature in the
reactor was kept constant in the range of 35.1+1.4 °C.

Operating Conditions

Feed solutions were added to the reactor daily. 3L of 11.5L
was inoculum and the remaining volume was as citrus juice
waste. Alkalinity, SCOD, TCOD, OLR, biogas, methane and
TSS were measured once in two days; BOD,, TKN, TP, pH,
VFAs, electrical conductivity and temperature parameters
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Figure 1. Schematic view of the lab-scale UASB reactor.

were measured as required. The analyzes were carried out
to determine the SCOD and TCOD removal efficiency, the
amount of biogas produced, and the proportional distribu-
tion of the gases in the biogas. The initial HRT value was
0.85 days and the average value of the initial total COD was
7356 mg/L. The OLR varied between 1.8 and 21.9 kgCOD/
m’. d. The alkalinity value at the inlet is 720 CaCO, mg/L.
To keep the COD/N/P ratio around 300/5/1, nutrient was
added to the wastewater with ammonium chloride (NH,Cl)
and disodium phosphate (Na,HPO,). To provide sufficient
alkalinity in the reactor and to buffer CO, and volatile ac-
ids, 3.3 g/L NaHCO, was added. According to the alkalinity
measurement results, this amount was increased when nec-
essary. A variable-speed peristaltic pump was used to pump
feed from a vessel to the reactor every day for 60 days. After
the adaptation was achieved, a 200-day operating period
was started.

COD analyzes were performed using COD Reactor CR25,
DragonLab MX-E and Spectroquant Colorimeter Picco
COD/CSB Merck instruments by EPA 410.4 and ISO 15705
standards [27, 28]. HQ40D Portable pH/Dissolved Oxygen
Meter Dual-Channel Multimeter was used for pH and elec-
trical conductivity measurements. TKN, TP, BOD, and TSS
analyzes were performed using Standard Methods [29].

VFAs parameter was measured by Anderson and Yang [30]
method and alkalinity measurements were measured with
standard methods 2320 B [31]. Gas measurements were
made with the liquid displacement method, 2 days a week
during the 200-day operating period. Methane gas was ob-

tained by separating carbon dioxide from biogas by passing
it through a liquid containing 3% NaOH, and the amount
of methane gas was measured using Draeger X-am® 2500.

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

DPE = Cy X %CH, X PB (1)

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

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

DUE = Cp X AT X Q 2)
where DUE is the energy required for the combustion of
biogas (kJ/d); Cp is the specific heat capacity of the waste-
water (3.8 kJ/L °C); AT is the temperature rise (°C) affecting

the reactor due to heating and Q is the average flow rate
(L/d) of the UASB reactor.

Heating efficiency is calculated by Eq. 3 [32]:
Heating Ef ficiency = % x 100 (3)

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

NEY = DPE — DUE (4)
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Table 2. Wastewater characteristics of UASB reactor

Table 3. The operation conditions of the UASB reactor

Parameter Unit Influent Effluent  Parameter Value
SCOD mg/L 5.466+1.542 610+437  OLR (kgCOD/m’.d) 8.63%5.0
TCOD mg/L 7.356+1.756 15004875 HRT (d) 1.15£0.91
BOD5 mg/L 2462.5+374 6621324  Alkalinity as CaCO, (mg/L) 4114273
TP mg/L 13.8+0.9 12.948.3  VFA as acetic acid (mg/L) 319+160
TKN mg/L 51.0£27.0 12£9.1 Biogas production (m?*/d) 6.283+3.476
Temperature °C 35.1+1.4 33.3+0.7  Flow (m?/d) 1.386+868
pH - 6.620.2 6.5+0.5

Eq. 5 is used to determine the energy potential of

ent TCOD concentrations varied from 41 mg/L to 4,590
mg/L during the monitoring period. The TCOD removal

CPWW ([32]. efficiency changed from 51% to 93%, respectively (Fig. 2).
EPepyy = 22X Ma o SCOD x SCOD — RE X Cy ) SCOD removal concentrations ranged from 20 mg/L to
OLRSemXVR

EP . energy potential (kJ/m’_, . ); OLR’  removed
dissolved organic loading rate (kg-SCOD /m’.d), V, re-
actor volume (m?); SCOD is SCOD entering the reactor
(g-SCOD /L) and SCOD-RE is SCOD removal effi-
ciency (%). Descriptions of other parameters are given in
the explanation of Eq. 1.

RESULTS AND DISCUSSION

In the study, using the lab-scale UASB reactor, the treat-
ment of CPWW for 200 days and the biogas content formed
by the reactor were monitored. At the end of 60 days, the
reactor reached to steady-state, and granular sludge forma-
tion started. The characteristics of the wastewater and the
operation conditions of the UASB reactor are given in Table
2 and Table 3.

SCOD and TCOD Removal in UASB Reactor

The OLR parameter was initially kept at 7 kgCOD/m?.d
and an attempt was made to operate without reducing it
below 4.2 kgCOD/m’.d (approximately 60%). The OLR
increased to OLR of 10 kgCOD/m’.d approximately in
two weeks. According to the results obtained, the efflu-

1,853 mg/L, and SCOD removal efficiencies ranged be-
tween 67% and 99.6% (Fig. 3). It is also seen from Figure
2 and 3 that as the influent concentration increases, the
removal efficiency increases [33].

Effect of OLR on UASB Reactor

OLR is important for microorganisms to perform their
vital activities. Because it is the amount of organic matter
required for the growth and reproduction of microorgan-
isms in a system [34]. The treatment efficiency increased
with the increase of OLR in many wastewaters. However,
in case of an excessive increase, problems such as excessive
foaming at the gas-liquid interface in the sludge blanket, its
flotation and gas-liquid-solid separator, and accumulation
of undigested components arise [35]. In steady-state condi-
tions, the OLR reached 21.9 kg COD/m®.d, and the TCOD
removal efficiency was 54% and the SCOD removal effi-
ciency exceeded 89% [10, 36]. Hajiabadi et al. [37] (2009)
states that high OLR provides high TCOD removal. How-
ever, in the current study, as the OLR increased, there was a
decrease in the removal efficiency of TCOD (Fig. 4). While
the TCOD removal efficiency was 90% when the OLR was
1.8 kg/m?, there was a general decrease in the TCOD re-
moval efficiency as the OLR increased.
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Figure 2. TCOD influent and effluent concentrations, and removal efficiencies.
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Figure 4. Variation of SCOD and TCOD removal efficiencies according to OLR.

The Effect of Alkalinity on the UASB Reactor

Low pH slows down anaerobic degradation. The VFA con-
centration is a function of pH. In acidic conditions, the
amount of VFAs increases [38]. When Figure 5 is exam-
ined, the amount of VFA (acetic acid) is low in conditions
where alkalinity is high, and the amount of VFA is high in
conditions where it is low [39]. In the study, the amount of
propionic acid and butyric acid was ignored as they were in
trace amounts.

The Impact of Upflow Velocity on the UASB Reactor

HRT can cause compaction and coalescence of solids in the
sludge blanket as a result of its relationship to the V, _and the
solid's contact time in the reactor [35, 40]. Vup is the main
factor affecting reactor efficiency. It affects sludge retention
and is the basis of the settling characteristic. Increasing the
V,, increases the collision rate between suspended particles
and sludge, and increases the removal efficiency [35, 41-43].

Table 4. Approximate energy values that can be obtained from
the UASB reactor

Parameter UASB reactor
DPE (kWh) 71,715
DUE (kWh) 2,633.4
Heating efficiency (%) 3.67
NEY (kWh) 69,081.6
EP_,. (KJ/m’ ) 3,859

When sufficient contact time between the sludge and waste-
water is provided, the biomass is separated from the gas
[44]. With the increase in Vup, HRT and removal efficiency
also decrease [35, 45]. HRT, which was determined as 69.3
hours at 0.1 m/h Vi speed, decreased to 9.7 hours when Vi
reached 1.9 m/h. In addition, as shown in Figure 6, TCOD
removal efficiency decreased as HRT decreased [44, 46, 47].
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Figure 6. The effect of upflow velocity and variation of HRT and SRT on SCOD, TCOD, and TSS removal efficiencies.

Biogas Production and Composition in the UASB Reactor
Produced biogas values are given in Figure 6 and Figure 7.
The biogas production amount is 6283+3476 m*/d on av-
erage. The biogas content consists of methane gas at a high
rate (Fig. 7). On average, biogas contains 62% CH,, 32%
CO,, and traces of H,S. The studies show similarities with
the available data. Accordingly, it is possible to obtain from
54% to 77% methane [47-50] and 30-50% CO, [51] from
biogas and convert methane into energy.

While there was more biogas production at the beginning,
as time passed, a decrease in biogas production occurred.

The formation of granular sludge is essential for efficient
biogas production. The diameter of the granules is small at
the beginning but increase over time. The decrease in biogas
production after day 143 can be explained by the increase
in granule size. However, the amount of CH, in the bio-
gas content is also higher in the initial phase and decreases
similar to the decrease in biogas production. When Figure
5 and Figure 7 are examined, it is seen that there is a similar
change between VFA amount and biogas production [39].

The amount of biogas production varied between
6283+3476 m*/d and there was a directly proportional in-
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Figure 8. The amount of biogas formation and the percentage of gases.

crease in biogas production as OLR increased (Fig. 9). The
linear regression showed a high R? coefficient (0.8405).

When calculations are made with the equations given in
the possible energy values section, DPE, DUE, Heating Ef-
ficiency, NEY, and EPCPWW values are given in Table 4.

The daily energy produced under operating conditions
is more than the average daily energy use. The lower the
DUE, the higher the heat losses. NEY represents 96.3% of
the DPE from the UASB reactor (71,715 kWh). This result
shows that the reactor is a useful system. EPCPWW has
been calculated considering the operating parameters of
the reactor. The increase in temperature increased the EP,
accordingly biogas production and anaerobic biomass ac-
tivity increased. The amount of wastewater released from
citrus juice production is approximately 127 m’ per day

(3,800 m* per month). The efliciency of a potential power
source produces 3,859 kJ/m* CPWW (3.85 MJ/m?> CPWW)
can reach 14,630 MJ or 4,064 kWh per month. The annual
amount may correspond to 48,768 kWh. In addition, the
heat generated while the biogas is converted into electricity
can be directed to the reactor, as the efficiency of the reactor
will increase if the temperature is high. This increases both
the biogas production and the NEY value.

CONCLUSION

With the increase of OLR, biogas production also in-
creased. It is possible to say that the interaction of the par-
ticles deteriorates after a certain speed for the V. HRT
and SRT decreased significantly with increasing V,rates.
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According to the analysis results, it is possible to say that
there is a negative correlation between VFA as acetic acid
and alkalinity. When the energy values are examined,
it is possible to obtain 48,768 kWh of energy annual-
ly from the system. This energy can be used to increase
the temperature of the reactor and accordingly increase
biogas production. Due to the high organic matter con-
tent of citrus juice wastewater, it appears that using UASB
reactors is an appropriate option because of their ability
to generate energy. In some citrus juice units, increasing
the wastewater fed to the UASB reactor and therefore
its volumetric capacity can satisfy the required energy
needs by generating electricity. Further, considering that
the average household consumption of electricity is 238
kWh per month, the energy obtained monthly can serve
approximately 17 households. The removal efficiencies of
the SCOD and TCOD parameters indicate that the treated
wastewater from the UASB reactor can be reused in ap-
propriate sections of the appropriate industries (cooling
towers, ash irrigation, flue gas scrubbing, etc.).
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