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Abstract

Nonthermal atmospheric pressure plasma jets are becoming increasingly important
in wastewater treatment applications. Especially, it is quite difficult to remove the
color found in the wastewater of some industries such as textile and paint industries
by traditional methods. Therefore, in the study, the color removal efficiency was
investigated using atmospheric pressure plasma system. In the design of the system,
an electric current is directed from a low pressure gas flow and an atmospheric plasma
field is created. Treatment is achieved as a result of contact with the wastewater. In this
study, the removal efficiencies of pomegranate wastewater and methyl orange (MO)
as a model dye were investigated. Oxygen gas was studied as feed gas. Plasma discharge
flow rate was applied as 12 mg/L, and plasma duration was 5 minutes. The results
were evaluated for two different wastewaters. For an initial concentration of 20 mg/L,
the COD removal efficiencies of methyl orange and pomegranate wastewater (PW)
were found to be 83.7 and 98.4%, respectively. The highest color removal efficiency
for methyl orange was calculated as 97%. In addition, Lepidium sativum toxicity test
was used to determine whether there was any toxic effect due to radicals formed in the
system. No toxic effects from the plasma system were observed. As a result, inspired
by the studies conducted worldwide on the usability of plasma technology in water
treatment, the usability of the atmospheric pressure plasma system, which is a new
technology in the field of water treatment, was evaluated.

Keywords: atmospheric pressure plasma, methyl orange, pomegranate wastewater,
Lepidium sativum, degradation

1. Introduction

Water pollution is a serious problem in modern society. Recently, there has been a
dramatic increase in the amount of organic pollutants (volatile organic compounds,
pharmaceuticals, organic dyes, and so on) detected in water resources, and this poses
a serious concern for public health [1]. Colored wastewater is not just an inherent
feature of textile and dye waste; it is produced in industries such as food companies,
cosmetics industries, chemical and pharmaceutical companies, paper mills, and
oil industries [2]. With the rapid development of the printing and dyeing industry,
chemical industry, and oil industry, a large amount of low or nonbiodegradable
organic dye wastewater is discharged, causing a serious environmental problem [3, 4].
In modern industrial society, large amounts of dyes and other organic pollutants are
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emitted into the environment and the organic contamination degradation has become
the focus of environmental remediation efforts.

The production amount of dye industries in our country is increasing day by day.
Since the increase in production is parallel to the amount of wastewater generated
by the facilities, the amount of wastewater generated in this area is also increasing.
This type of wastewater is dark colored, has high pH, contains high organic matter,
and has low biodegradability [5]. The main processes of pomegranate fruit-juice and
other fruit-juice productions are usually in the packing operation where water is used
for general washing and cleaning, the selection and cleaning operation where water is
used mainly for washing, cleaning, and moving of the fresh fruit prior to the extrac-
tion process, juice extraction and treatment, peel treatment, and emulsion treat-
ments. These processes require large quantities of fresh water and also produce plenty
of wastewater. These wastewaters are characterized by high chemical oxygen demand
(COD) contents of organic matter, a low pH, an imbalance of nutrients, color,
dissolved solids, and suspended solids [6, 7]. Hence, the discharge of these types of
wastewaters into urban wastewater treatment plants is not allowed, thus requiring
a prior treatment. The hazard effluents produced from these industries have serious
problems as they are low or nonbiodegradable. The prominent problems for dyeing
wastewater treatment are color removal and degradation of organic compounds [3].
Thus, they must be treated to satisfy the water quality standards before discharging
into the environment [6].

The development of a new and efficient treatment technique for the organic con-
taminants is necessary [8]. Various methods such as physical methods [9, 10], chemi-
cal methods [11, 12], biological methods [13], and combined methods [14-16] have
been proposed. Physical methods such as adsorption [17] can be effectively separated
the dye from effluents, but without complete degradation, so a secondary pollution
may produce by converting dye from one phase to another. Therefore, physical and
chemical methods transfer the pollutants to another phase, which usually induce
by-products formation, so this methods are not effective. Biological methods are
not effective for the highly colored and low degradable dyeing wastewater [18].
Therefore, the development of environmentally friendly and efficient methods for
wastewater treatment receives great attention [19].

Plasma technologies: it is used as a technology that has become increasingly
important in recent years in the treatment of persistent, recalcitrant, and difficult-
to-remove pollutants in water, requiring less chemical use during treatment and
having high removal efficiency in a short time. Plasma oxidation process, with high
efficiency and without secondary pollution, is one of the most promising methods for
colored wastewater treatment [19]. All plasma systems are classified into two main
categories, thermal and nonthermal plasma [20]. In the thermal plasma (such as arc
discharges or radio frequency (RF)), sufficient energy is inserted to make the plasma
constituents in a thermal equilibrium. On the other hand, less power (such as corona
discharge and dielectric barrier discharge) is used to obtain the nonthermal plasma.
The nonthermal plasma produces energetic electrons that collide with another
molecule such as O,, N,, and H,O produces secondary species include radicals, ions,
photons, and electrons [21, 22]. In the remediation of the wastewater, the organic
contaminates may be dissociated by the action of the energetic electrons as well as the
action of the active radicals and active molecules. Furthermore, the physical effects
can also act on the organic pollutants in water. Thus, the remediation of water pol-
luted with organic compounds may be effective and rapid owing to the high oxidative
potential of active species as well as the actions of physical effects [6]. Nonthermal
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plasma (NTP) is plasma characterized by nonequilibrium conditions: the tempera-
ture of the bulk gas, typically near room temperature, is much lower than that of

the plasma reactive species, that is, free electrons and ions, atoms and radicals, and
excited molecules [23]. Nowadays, NTP has many applications, ranging from micro-
processors cooling [24], to surface modification, to living tissues treatments [25],

to bio-decontamination [26], and to air [27] and wastewater treatments [26, 28]. In
wastewater treatment, a high voltage electrical discharge is applied above the surface
of the water inducing physical and chemical phenomena in the gaseous, liquid, and
interfacial media. The chemical properties of such complex systems depend on the
gas to which the discharge is applied. Oxidant species common to any gas are hydroxyl
radicals (OH) and hydrogen peroxide (H,0,), formed by the interaction of water
molecules with high-energy electrons [28, 29]. In particular, OH radicals are produced
by the well-known water dissociation reaction, while H,0, is generally formed by OH
recombination [29].

In this paper, the usability of plasma technology, an innovative technology that has
gained importance in recent years, in the field of water treatment has been evaluated.
Within the scope of the study, an atmospheric pressure plasma system fed with oxy-
gen gas was established to be in contact with liquid. First of all, the removal efficiency
of the plasma system was investigated for the aqueous solution of methyl orange dye,
which has a stable, molecular structure and is resistant to degradation. However, to
test the atmospheric pressure plasma system on colored wastewater, a pomegranate
wastewater sample obtained from a fruit processing plant was used. In addition,
this experimental study aims to investigate plasma systems, which are an innovative
technology, and contribute to the literature with future studies on environmental
engineering such as water and wastewater treatment [30].

2. Material and methods
2.1 Material
2.1.1 Reagents

In this study, powdered methyl orange (ZAG Chemical) and powdered FeSO4
(Carlo Erba) powder were purchased from a private medical company and used.
Chemicals were used by turning them into synthetic solutions with pure water. 1 M
NaOH and 2% HCI were used for pH adjustments.
2.1.2 Apparatus and measuring materials

2.1.2.1 Hydrogen peroxide (H,0,) test

Supelco brand MQuant hydrogen peroxide test strips, which can measure in the
range of 0.5-25 mg/L (H,0,), were used for measurement.

2.1.2.2 pH and conductivity

The pH meter used in the study was obtained from Necmettin Erbakan University
Scientific Technology and Research Center, and temperature measurement was
also carried out with this device. The conductivity device was obtained from Konya
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Technical University, Faculty of Engineering and Natural Sciences, Department of
Environmental Engineering, Wastewater Treatment and Research Laboratory.

2.1.2.3 UV-Vis spectrophotometer

For absorbance measurement, SHIMADZU brand UV-3600 Plus model UV-VIS-
NIR Spectrophotometer, located within Necmettin Erbakan University Scientific
Technology and Research Center, was used.

2.1.2.4 Lepidium sativum toxicity test

For Lepidium sativum toxicity analyses; 9 cm diameter glass petri dishes, 90 mm
diameter Whatman 1 brand filter paper, deionized water, and cress seeds were used.

2.1.2.5 Atmospheric pressure plasma system

In the study, the OptoSense brand mini atmospheric plasma system within the
Necmettin Erbakan University Scientific Technology and Research Center was used.
The device consists of Radiofrequency generator was shown in Figure 1(a), flex-
ible gas distribution pipe and probe. The device has a size of 380 x 280 x 280 mm

Flow meter

Regulator

Plasma Pen

High Voltage Supply 4™
/ B o O 5

(© Liquid Sample Magnetic Stirrer

Figure 1.
(a) Plasma power supply, (b) Plasma beam, and (c) Experimental setup of atmospheric pressure plasma
system [30].
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UXHXW. The probe of the device has a 10-12 mm round head part and a 15-18 mm
rectangular part on its body, as shown in Figure 1(b). The device has 1000 VA
expandable power and 220 (+5%) power. Inlet gas pressure is 2-2.5 kg 0.12 m*/min.
The device has been modified for use under laboratory conditions and made suitable
for liquid sample processing. In order to increase the removal efficiency during the
process, a magnetic stirrer was placed under the heat-resistant glass container con-
taining the liquid sample. Since the device works with supply gas, it was connected
to an oxygen cylinder. A flow meter was used to control the gas flow. A regulator
was used to ensure pressure adjustment and gas flow. The experimental setup of the
plasma system is given in Figure 1(c).

For a better understanding of the work process, the workflow diagram is given in
Figure 2.

2.2 Methods
2.2.1 Preparation of solutions
2.2.1.1 Preparation of methyl orange solution
To prepare 100 mg/L methyl orange stock solution, first 0.1 g of powdered methyl
orange was taken into a 100 mL beaker and weighed on a precision balance. First,

80 mL of pure water was added to the beaker and mixed for 5 minutes in the mixer.
The mixture was poured into a 1000 mL volumetric flask. By adding pure water to the
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Figure 2.
Experimental flow diagram [30].
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volumetric flask, it was filled to 1000 mL and shaken. 100 mg/L methyl orange stock
solution was obtained. The following (Eq. (1)) was used to prepare dilute solutions at
different concentrations:

M1xV1=M2xV2 1)

M1 = Concentration to be prepared (mg/L); V1 = Volume to be prepared (mL);
M2 = Stock solution concentration (mg/L); V2 = Volume to be ta ken from the stock
solution (mL).

2.2.1.2 Preparation of iron 2 sulfate (FeSO,4) solution

To prepare a 1000 mg/L stock solution with powdered FeSO, with a molar mass
of 278.05, 4.978 g of FeSO, powder was weighed and prepared according to the stock
solution preparation procedure. In the study, iron II sulfate (FeSO,4) catalyst was used
to investigate the effect of methyl orange on plasma removal efficiency.

2.2.2 Preparation of pomegranate wastewater sample

In the study, the efficiency of the atmospheric pressure plasma system was
investigated in a colored wastewater sample. For this purpose, decolorization of a
pomegranate wastewater sample obtained from a Fruit Processing Industry was tried
with the plasma system. The supplied pomegranate wastewater sample was diluted
at 100%, 25%, 10%, and 5% before the plasma study. These dilutions were taken into
50 mL sample containers for initial absorbance measurements.

2.2.3 Working principle of UV-Vis spectrophotometer

UV-Vis Spectrophotometer was used to determine color removal efficiency, and
necessary calculations were made according to absorbance measurement results. For
removal efficiency calculations, standard solutions of methyl orange samples were
prepared at concentrations of 1, 3, 5, 7, and 10 mg/L and absorbance measurements
were made. Calibration graphs were obtained with the absorbance values of the
standard solutions for methyl orange at 465 nm [31]. From this calibration chart, the
formulay = ax + b was obtained. When calculating the removal efficiency, the absor-
bance value (Co) of the initial sample was accepted as the y value in the formula. In
the formula, the x value was accepted as the absorbance value (C) of the sample after
plasma treatment. If dilution was made in the samples before absorbance measure-
ment, the result was multiplied by the dilution ratio. After the C value was found, the
% removal efficiency was calculated from the formula (Co-C)/Co0*100 [32].

2.2.4 Lepidium sativum toxicity test procedure

Lepidium sativum acute toxicity test method was preferred for toxicity analyses.
Toxicity testing was performed for the initial and post-plasma treatment samples
of the methyl orange solution prepared under optimum conditions (20 mg/L con-
centration, 5 min. Plasma time, 5 min. Mixer time, 1.5 cm distance, 12 mg/L flow
rate). Lepidium sativum toxicity test was performed with 6 controls and 3 methyl
orange solutions prepared in dilutions of 3.125, 6.25, 12.5, 25, 50, and 100%. In the
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experiment, two 90 mm diameter Whatman 1 brand filter papers were placed in 9 cm
glass petri dishes. 5 mL of pure water was placed in the control petri dishes, and 5 mL
of the prepared sample at different dilutions was placed in the sample petri dishes,
and placed so that no air bubbles remained under the filter paper. 25 undamaged
Lepidium sativum seeds of equal size were placed in each petri dish at equal intervals,
and the sealed petri dishes were incubated in a dark environment at approximately
25°C for 72 hours. At the end of the test period, the root and stem lengths of the 20
best-developing Lepidium sativum seeds in each petri dish were measured. At the

end of the test period, the average values of root and stem lengths observed in the
Lepidium sativum seeds of the samples were compared with the average root and stem
length values measured in the control petri dishes, and the % inhibition rate and ECs
value were determined. The studies were evaluated according to the toxicity classifi-
cation by calculating the % inhibition values and Toxic Unit value for 3.125, 6.25, 12.5,
25, 50, and 100% dilutions.

2.2.5 COD measurement

Analysis was carried out with the SM 5220 C method. For this study, initial and
post-plasma COD analyzes were performed on methyl orange solution and pome-
granate sample prepared under optimum conditions. % removal efficiency was
calculated from the analysis results.

2.2.6 Atmospheric pressure plasma system working principle

The atmospheric pressure plasma and magnetic stirrer devices were turned on
and the distance between the probe, and the sample was adjusted to the desired size.
50 mL sample was taken into the beaker where the study would be performed and
placed in the magnetic stirrer in the plasma device. The magnetic stirrer was added to
the system to accelerate the reactions that occur during and after the plasma process.
The sample continued to be mixed for the desired periods of time while the plasma
was running and after the plasma was turned off. Oxygen gas was used as feed gas in
the experiments. After the gas cylinder valve was opened, the flow meter and ampere
levels were fixed and the gas pressure was brought to the desired level by turning the
regulator valve. The removal process was carried out by initiating the interaction of
the plasma beam and the sample.

3. Results
3.1 Effect of plasma on methyl orange color removal

In this study, 3 replicate studies were carried out under the same conditions with
50 mL of methyl orange solution at a concentration of 20 mg/L to test the effect of the
Atmospheric Pressure Plasma System on methyl orange removal. Absorbance mea-
surements were read at 465 nm on a UV-Vis Spectrophotometer. Optimum conditions
were provided for the study, and the removal efficiency is given in Table 1, and the
absorbent curve graph is given in Figure 3.

Jiang et al. [31] used an oxygen-fed atmospheric pressure plasma system in their
study. 20 min after plasma treatment, they reached 92% removal efficiency of methyl
orange solution with a concentration of 40 mg/L. The results obtained were found to
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Concentration (mg/L) Initial UV (abs) Post UV plasma (abs) Removal efficiency (%)
20 1586 0,05 97
20 1586 0,034 98
20 1586 0,049 97
Table 1.

Effect of plasma on methyl orange removal efficiency [30].
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Figure 3.
Absorbance graph of methyl orange analyzes performed under the same conditions as plasma (B: Starting sample)

[30].

be compatible with the literature. They stated that hydroxyl radicals and Os, which
have high oxidation potential, are effective for the degradation of pollutant color
molecules, and based on the theory of bond dissociation energies, they gave suggested
ways for the oxidation of MO with hydroxyl and ozone radicals in their research.
Accordingly, the oxidation pathways of MO molecules and their intermediate prod-
ucts in the plasma treatment process were given in Figure 4.

In Figure 5, the increase-decrease slopes of pH (A) and conductivity (B)
results of plasma studies performed with MO solutions were given, respectively.
Accordingly, it was observed that the initial pH decreased after plasma. When the
conductivity curve was examined, an increase in conductivity was observed after
the plasma treatment.

3.2 Effect of catalyst

FeSO4 was preferred to examine the effect of catalyst addition on removal effi-
ciency. For this purpose, catalyst was added at a fixed concentration of 20 mg/L to the
methyl orange synthetic solution prepared at a concentration of 20 mg/L. Absorbance
readings of the study were made at 465 nm for methyl orange. The removal effect of
catalyst addition on methyl orange is given in Table 2. The absorbance curve graph is
given in Figure 6. According to the analysis results obtained in the study, it was con-
cluded that the reaction rate of the atmospheric pressure plasma system for methyl
orange removal is high, but the addition of catalyst may not be necessary.
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Figure 4.
Proposed pathways for mineralization of methyl orange molecules by atmospheric pressure plasma system [31].
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Figure 5.
Initial (before plasma) and final (after plasma) pH (A) and conductivity (B) values of 3 samples studied under
the same conditions [30].

Concentration (mg/L) Initial UV (abs) Post UV plasma (abs) Removal efficiency (%)
20 1582 0,142 91
Table 2.

Effect of FeSO, addition on MO removal efficiency [30].

Figure7(A) and (B) shows the increase-decrease slopes of pH and conductivity
results, respectively, of plasma studies conducted with catalyst-added MO solution.
Studies have shown that initial pH decreases after plasma. When the conductivity
curve was examined, an increase in conductivity was observed after the plasma
treatment.
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Figure 6.
Absorbance graph of samples before (B) and after (P) plasma treatment of MO solution with catalyst addition [30].
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Figure7.
Initial (pre-plasma) and final (post-plasma) pH (A) and conductivity (B) values of the catalyst-added MO
sample [30].

3.3 Effect of plasma on colored wastewater sample

Oxygen gas-fed plasma study of the pomegranate wastewater sample obtained
from a Fruit Processing Facility was carried out under optimum conditions. 660 nm
of samples diluted in certain proportions. Absorbance values were also read. The
absorbance curve graph is in Figure 8, and the pH and conductivity graphs are in
Figure 9(A) and (B). When looking at the absorbance values before and after plasma
given in Table 3, a decrease in color removal was observed. According to the graphs of
the increase-decrease slopes of pH and conductivity results, it was seen that the initial
pH of the studies decreased after plasma. When the conductivity curve was exam-
ined, an increase in conductivity was observed after the plasma treatment.

Regarding pomegranate wastewater, reference [33] investigated the color removal
of pomegranate juice with atmospheric pressure plasma in their literature study. They
worked for 3, 5, 7 minutes for the plasma process and achieved color removal after the
plasma process.
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Figure 8.
Absorbance values of the pomegranate wastewater sample studied with different dilutions before (B) and after
(P) plasma treatment [30].
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Figure 9.

Initial (before plasma) and final (after plasma) pH (A) and conductivity (B) values of the pomegranate
wastewater sample studied with different % dilutions [30].

Dilution ratio (%) Initial UV (abs) Post UV plasma (abs)
100 0,395 0,916
25 0,284 0,299
10 0,271 0,332
5 0,152 0,238
Table 3.

Effect of plasma system on color removal of pomegranate wastewater sample [30].
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3.4 COD effect of plasma

The COD pollution parameters of the methyl orange synthetic solution prepared
under optimum conditions and the pomegranate wastewater sample taken from the
fruit processing plant were examined before and after plasma treatment. The initial
COD values, post-plasma COD values, and % removal values of the samples are given
in Table 4, and the comparison of % removal efficiencies is given in Figure 10. In
the literature, reference [31] used an Atmospheric pressure plasma system working
with oxygen gas in their study and stated that plasma could efficiently reduce organic
pollutants with a 67% COD removal efficiency as a result of a 20 minute plasma treat-
ment for methyl orange removal.

3.5 Lepidium sativum toxicity test results

In the study, Lepidium sativum toxicity test results were determined for the
methyl orange synthetic solution prepared under optimum conditions and kept
in plasma discharge. In the study, dilution rates of 3.125%, 6.25%, 12.5%, 25%,

50%, and 100% were used. ECsy value and Toxic Unit (TU) value were calculated
according to Lepidium sativum toxicity test results. In this study, the ECsy values and
toxic unit classification calculated for the Lepidium sativum toxicity test are given

in Tables 5 and 6 for MO initial and post-plasma, respectively.

The result of the Lepidium sativum toxicity test was given for the initial and post-
plasma solution sample according to toxic unit classification. According to the results
of the study, the Toxic Unit values of the methyl orange solution were “Slightly Toxic”
according to the root and hypocotyl values before and after plasma [34]. In their
study, the toxic classification was found as “Toxic” according to the Lepidium sativum

Samples Initial COD (mg/L) Post plasma COD (mg/L)
PW 65,600 1024
MO 256 41,6

PW: pomegranate wastewater, MO: methyl orange.

Table 4.
COD removal efficiencies of pomegranate wastewater sample and MO solution [30].

100
95
90
85
80

75

Figure 10.
COD % removal efficiency comparison [30].
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Active ingredient ECso TU Classification

Root Length 440,084 0,227 Slightly Toxic

Hypocotyl Length 538,131 0,186 Slightly Toxic
Table 5.

Calculated ECq, and toxic unit value for methyl ovange initial solution [30].

Active ingredient ECso TU Classification

Root length 450,802 0,222 Slightly toxic

Hypocotyl length 552,409 0,181 Slightly toxic
Table 6.

ECy, and toxic unit value calculated for methyl orange solution after plasma discharge [30].

toxicity test result for the real wastewater sample. In this study, although a synthetic
solution was used, it should be considered that discharging a real textile wastewater
without treatment may increase the toxic effect in wastewater treatment plants.

3.6 Effect of H,0, (hydrogen peroxide) formation

Reference [35] stated in their study that H,O, is one of the most important
oxidants produced in the atmospheric pressure plasma system. Reference [36]
mentioned in their study that long-lived reactive species such as hydroxyl radical and
hydrogen peroxide are formed by plasma discharge. They mentioned that the result-
ing reagents play an important role in breaking down the contaminants in the liquid
contacted in the plasma application and that these radicals can form at the liquid-gas
interface or directly in the liquid. Reference [32] stated in oxygen gas fed plasma
studies that hydrogen peroxide is an important oxidizing agent (1.78 V oxidation
potential), has a longer lifespan than other radicals, and is therefore effective in
pollutant removal. They also mentioned that in the aqueous phase, the transferred
reactive species interact with the surrounding molecules for a long time; therefore,
new reactive species are produced according to their properties, which enable them to
participate in chemical reactions. In literature studies, it is mentioned that the most
important of the reactive species formed by plasma contact is that hydrogen peroxide
has along life and that oxidation continues for a while after the discharge is stopped in
plasma application, thus treatment continues. In this study, the amounts of hydrogen
peroxide formed after plasma for MO and pomegranate wastewater sample and pure
water for the highest removal efficiencies are given in Table 7.

Samples H,0, amount (mg/L)
MO 25
PW 25
Dw 25

PW: pomegranate wastewater, MO: methyl orange, DW: deionized water.

Table7.
Effect of plasma on H,0, formation [30].

13



Wastewater Treatment — Curvent Insights

4. Discussion

Within the scope of the study, the atmospheric pressure plasma system, an inno-
vative technology, was preferred for target pollutants. To investigate the color removal
efficiency of atmospheric pressure plasma, two different samples, a dye (methyl
orange) and a colored wastewater sample (pomegranate wastewater), were analyzed.
Oxygen gas was used as feed gas in the study.

Methyl orange color removal study was carried out in three repetitions under
optimum conditions (20 mg/L concentration, 5 minutes plasma contact time, 5 min-
utes mixer time, and 1.5 cm distance and 12 mg/L flow rate). The best color removal
was achieved as 98% (other repeat studies were 97%).

FeSO, was used for catalyst addition. Catalyst studies were carried out under
optimum conditions for methyl orange dyestuff. Accordingly, 91% color removal
efficiency was achieved after plasma contact with the addition of catalyst. As a result
of the study, it was concluded that plasma achieved color removal with high efficiency
even without the addition of catalyst.

pH and conductivity measurements were made before and after plasma con-
tact. For all measurements made, it was observed that the pH values after plasma
decreased compared to the initial pH. According to the literature research, it can be
said that it is important to monitor the pH change of the solution after plasma, as the
density of the oxidant produced varies depending on the pH values and can therefore
indicate the type of reactions going on during the experiments. For all measurements
made in the study, post-plasma conductivity values reached higher values than the
initial conductivity values. According to literature research, we can say that plasma
discharge increases inorganic ions in water, and as a result, plasma increases the
conductivity in water.

In this study, pomegranate wastewater sample was used for colored wastewater
experiment. Pomegranate wastewater was prepared at 100%, 25%, 10%, and 5% dilu-
tions, and absorbance was measured before and after plasma. The absorbance value
of the raw sample (100%) pre-plasma was 660 nm. While the value of this was read
0.395, it was read 0.916 abs after plasma. Based on these data, it was concluded that
plasma is also effective in removing the color of colored fruit wastewater.

The effect of plasma on COD removal for methyl orange solution and pomegran-
ate wastewater was examined. COD removal efficiencies of 88.6% and 83.7% were
obtained, respectively. Considering the efficiency, it was seen that plasma was very
effective for COD removal, especially in fruit wastewater.

Literature studies indicate that hydrogen peroxide has a longer lifespan than
other radicals formed by plasma discharge and plays an important role in oxidizing
pollutants. Based on this, hydrogen peroxide formation was examined with kits
in the study. In experiments conducted with plasma contact, the highest value on
the scale, that is, 25 mg/L hydrogen peroxide formation, was observed for the best
removal efficiency.

In addition to color purification using plasma technology, the toxicity of possible
by-products was also determined in the study. Toxicity testing was performed for
methyl orange. According to the test results, root and hypocotyl lengths were calcu-
lated as 0.227 and 0.186, respectively, for the methyl orange starting solution, while
they were calculated as 0.222 and 0.181, respectively, for the post-plasma solution.
According to the toxic unit classification, all results were evaluated as “Slightly Toxic”.

Considering the results obtained, it was seen that plasma was successful in remov-
ing color and COD in liquids with its high reaction speed and energy efficiency.
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5. Conclusion

In conclusion, effect of some chemical and physical factors on the process was
studied. Response surface methodology was used to optimize the process. Based on
the analytical techniques, a degradation pathway was proposed.

Today, the fact that plasmas produced at atmospheric pressure give effective
results in applications and are easier and more economical to install than vacuum
plasma systems, rapidly increases the interest in these systems. For this reason, by
establishing an atmospheric plasma system, a system that can be easily implemented,
allowing for minimum chemical use, contributing to green chemistry studies, and not
creating waste sludge problems has been established.

This study will contribute to the applications in the field of green chemistry, which
have been increasing day by day in recent years, in terms of reducing the chemicals
used in advanced oxidation (AOP) processes and thus preventing sludge formation.
For this reason in this study, plasma treatment was used as green technique in the
water treatment. It is aimed to contribute to the literature with the future applicabil-
ity of the plasma technology we have created on a laboratory scale in areas related to
environmental engineering (cleaning of membrane filters, adsorption and desorp-
tion, and so on).
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