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Water bodies are contaminated with organic and inorganic waste, making them unsuitable for consumption. This
study, for the first time, carries out the degradation of a single pollutant, p-nitrophenol (PNP), as well as a
mixture of pollutants (benzene, toluene, and PNP) in a single go using a dielectric barrier discharge (DBD) plasma
reactor. The effects of plasma power and treatment time on pollutant degradation were systematically analysed.
For PNP, only 70 + 5 % degradation was achieved at optimal conditions (18 W power, 2 min) with an energy
efficiency of 1.57 mg/kWh at 10 ppm of initial concentration. The increased power levels diminish performance
due to quenching effects caused by microfilament interactions with the reactor walls. Hydroxyl radical, super-
oxide radical, hydrogen peroxide, ozone, nitrate, and nitrite species were quantified to understand degradation
mechanisms. The degradation of a mixture of pollutants is also demonstrated in a single go with 55 % and 0.73
gCOD/kWh COD degradation and energy yield. The practicality of plasma-treated water was tested by
biochemical oxygen demand (BOD), seed germination, and microbial decontamination study (using Escherichia
coli). It is demonstrated that compared to polluted water, plasma-treated water exhibited reduced BOD levels,
which reduces its harmful effects on daily usage. The reduced toxicity of water also enhanced germination
compared to polluted water. The plasma treatment also impedes the growth of Escherichia coli, even causing its
complete inhibition. These results highlight the potential of DBD plasma technology as a promising tool for
sewage/contaminated water samples.

Escherichia coli

1. Introduction

Over the years, hazardous pollutants have severely depleted water
quality. The primary sources of pollutants are industrial effluents, pes-
ticides, and fertilizers from agricultural runoff, as well as sewage and
urban runoff. The organic and inorganic pollutants in such polluted
waters could lead to mild to severe health issues, from mild skin allergies
to cancerous growth in the body. Thus, these polluted water bodies are
rendered useless, and when mixed with other water bodies, they become
unfit for human usage. P-nitrophenol (PNP) is a type of organic pollutant
present in effluents of industrial bodies. The PNP is used in drug
manufacturing, fungicides, insecticides, dye production, and leather
darkening (Kulkarni, M. & Chaudhari, A., 2007). PNP also finds its
application in the manufacture of parathion, N-acetyl-p-aminophenol
(acetaminophen), dyestuffs, and as a leather treatment agent (Chemical

Marketing Reporter, 1990; Lewis, 2016). The varied use of PNP in in-
dustrial sectors often leads to the leaching of this chemical into the
environment, especially to water bodies through various waste streams.
Graedel and McGill. (1986) have documented that PNP is a product of
the photooxidation of nitrobenzene in the air. Nojima et al. (1983)
identified it can also be formed in the air by a process called nitration
involving the reaction of aromatic hydrocarbons such as benzene,
toluene, and phenanthrene with nitric oxide. It is also emitted from
vehicular exhaust from both gasoline and diesel engines (Tremp et al.,
1993). It is a degradation product of parathion (Howard et al., 2017) and
an impurity in the parathion formulation Thiophens and, therefore, is
released during the insecticide application (Archer, 1975). PNP has been
listed as one of the 129 priority toxic pollutants by the U.S. Environ-
mental Protection Agency (Keith and Telliard, 1979). Many technologies
are adopted to remove PNP and other pollutants from water bodies. For
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instance, ozonolysis (Gu et al., 2008), UV photocatalysis (Othman et al.,
2019), Fenton-based conversions (Zeng et al., 2019), adsorption (Yao
etal., 2014), and others. These techniques are called advanced oxidation
techniques as they rely on the oxidation of contaminants via interaction
with reactive species, viz hydroxyl radical (®OH), superoxide radical
(®03), ozone (0O3), hydrogen peroxide(H205), and others. Non-thermal
plasma (NTP)- based processes are an effective AOP (advanced oxidative
process) as they can create reactive species easily, efficiently, and
quickly, unlike other techniques, which are laggy and time-consuming.
Additionally, one can easily switch on and off a process during a longer
cycling process without affecting the operationality of the process.
Lastly, reactive species concentration could be varied by just switching
power injected. This results in the usage of NTP in wide areas of
research. For instance, the mitigation of greenhouse gases using NTP is
well documented in the review by Joshi et al. (2022) and material
synthesis and modification for greenhouse gases mitigation (Joshi and
Loganathan, 2024). The gas phase catalytic application, namely con-
version of CO2 (Joshi and Loganathan, 2023) and propane decomposi-
tion (Piferi and Riccardi, 2022), are also well documented. The
non-thermal plasma finds its application in air sanitation by evalu-
ating electrical parameters of NTP (Piferi et al., 2021) and generating
and modelling species evolution by 0D kinetic modelling for end usage
towards air sanitization (Pierotti et al., 2023). The NTP-based plasma
techniques are of prime importance as complete mineralization can be
achieved without needing an external catalyst, which can reduce the
overall cost of the technique.

A handful of literature reports dealing with removing PNP from
wastewater effluent using plasma are available. For instance, pulse
discharge was engaged by Wang et al. (2015) for degradation of PNP
from soil sediments. The authors attained 92.8 % removal efficiency
(200 ppm as the initial concentration) at 60 min plasma with 17 kV of
applied potential. Li et al. (2015) have reported the removal of PNP from
the soil with a removal efficiency of 73 % at a power of 42.2 W with an
initial concentration of 200 ppm. Shang et al. (2019) employed oxidant
per sulphate (SO4) in combination with DBD plasma to degrade PNP.
With 5 ppm as the initial concentration of PNP, the author attained 63.7
% degradation efficiency at 6.37 W of input power. The plasma treat-
ment time was 50 min with a persulphate (PS) dosage of 0.25 mM.
Interestingly, when Fe2 was added along with 0.25 mM per sulphate,
the conversion rose to 81.1 %. It was attributed to the synergistic
interaction of Fe/PS, which leads to the production of ®OH and SOy, and
to enhanced degradation. In another work, Shang et al. (2017) reported
the decomposition of PNP using peroxydisulphate (PDS) by gas-liquid
pulsed discharge plasma. The authors achieved 90 % degradation effi-
ciency with a PDS: PNP molar ratio of 80:1 with ~13 W input power.
Chen et al. (2019) have used a plasma jet to decompose PNP in water.
The authors attained 55 % conversion at 43 mJ of plasma discharge
energy and a treatment time of 5 min. Long et al. (2021) used modified
electrode CoFe304/MWNTs/sponge to decompose PNP and attained
98.5 % conversion with an initial concentration of 10 ppm of PNP at an
applied voltage of 30 V and a plasma treatment time of 40 min. Gu et al.
(2008) have employed plasma-activated charcoal for adsorption and
removal of PNP using an O3 dosage of 2.53 g/h. The plasma treatment
increases PNP adsorption capacity from 254.9 to 304.0 mg/g for
1000-ppm initial concentration. Later, the adsorbed PNP was decom-
posed by ozonolysis, and ~75 % conversion was achieved. Wang et al.
(2012) used a multi-tube parallel surface discharge plasma reactor for
the decomposition of 80 ppm of COD (~40 ppm of PNP) of initial con-
centration. The authors attained 97 % conversion using 30 kV of applied
voltage and 3 h of treatment time. Ferhat et al. (2017) designed a novel
gliding arc discharge reactor to exclude the direct contact between the
plasma plume and the liquid, which allowed 90 % removal of PNP after
120 min. About 15 % conversion of PNP was achieved with an initial
concentration of 100 ppm by peak voltage 110 V and treatment time of
>30 min using a DBD reactor by Wang et al. (2020). Zhao et al. (2021)
developed an electrodeless high-flow microwave atmospheric plasma jet
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for fast degradation of PNP from water. The authors achieved a
remarkable 100 % removal efficiency of 100 ppm of PNP in 12 min, with
a total organic carbon (TOC)removal efficiency of 57.6 %. This was
attributed to a high cross-section area of plasma, which creates surplus
*OH radical species, leading to efficient degradation. Zhao et al. (2022)
carried out the simultaneous removal of PNP and reduced toxic Cr+®
from water using microwave atmospheric pressure plasma. Mere 15 min
of treatment time led to 97.5 and 93.6 % removal efficiency of Cr*® and
PNP, respectively, with the total organic carbon in the sample reaching
30.2 %. Argon plasma and air-mixed argon plasma jets are utilized for
the degradation of PNP by Acharya et al. (2024). Out of the two plasma
jets, the air-mixed Argon jet with air outperforms the pure Argon plasma
jet. The PNP degradation was 97.2 %, and a maximum energy efficiency
of 57.3 gkW 'h™! for a 6-min treatment time at 100 ppm initial con-
centration. Corona discharge needle-to-plate type coupled with
graphene-ZnO nanoparticles was used by Guo et al. (2022). The authors
achieved PNP degradation of 68.5 % with plasma alone, 80.2 % with
ZnO catalyst addition, and 97.6 % with graphene (6 %)-ZnO nano-
composites under the same catalyst loading amount with a plasma peak
voltage of 20 kV, frequency of 50 Hz, air flow rate 4 L per minute and
PNP concentration of 30 ppm. Farzinfar and Qaderi (2022) have
degraded PNP by utilizing a synergistic combination of ZnO photo-
catalyst with DBD plasma. The authors obtained PNP degradation of 13
% in ZnO using 15 W UV light, 68 % PNP degradation in DBD alone, and
93.6 % PNP degradation by combining ZnO photocatalyst with DBD
plasma operated at 13 kV of applied voltage, ZnO concentration 250
ppm, and plasma treatment time of 30 min with an initial PNP con-
centration of 15 ppm. Khourshidi et al. (2024) performed PNP degra-
dation using the circulation of Os generated during DBD plasma.
DBD-Og increases the PNP degradation efficiency from 57.4 to 94.4 %
with improved energy yield by 130 % from 0.52 to 1.18 g kW~ 'h™!. The
authors attribute the enhancement in PNP degradation to an increase in
long-lived and short-lived reactive species (ROS) in the DBD-O3 system
by the O3 circulation. Although extensive literature is available, most
studies either rely on employing high plasma power or longer treatment
time, which decreases the energy efficiency of the process. Thus, the
ideal methodology would operate in an energy-saving mode without
adding external substrates whose separation again adds up the cost of
the technique.

In real life, a polluted water body consists of multiple organic and
inorganic pollutants, pathogens, sediments, and even microplastic resi-
dues (Mhapsekar et al., 2025). Most studies deal with removing a single
pollutant rather than a complex mixture, as multiple pollutant degra-
dation is tedious task. Apart from PNP pollutants from crude oil and
petroleum derivatives, they also contribute to water contamination.
Crude oil are the primary sources of BTEX (benzene (B), toluene (T),
ethylbenzene (E), and paraxylene (X)). The production and usage of
BTEX have increased over the years due to the expansion of the petro-
chemical and petroleum industries (Bustillo-Lecompte et al., 2018).
Benzene and toluene are common volatile organic compounds (VOCs),
often in polluted air and water. They mainly come from petrochemical
industries, gasoline leaks, industrial solvents, and incomplete combus-
tion. The International Agency for Research on Cancer (IARC) classifies
benzene as a Group 1 carcinogen, which presents severe health risks
even with low exposure, such as leading to hematotoxicity and a greater
likelihood of leukemia (Loprieno, 1975). Benzene, one of the BTEX
compounds, is now among the most common chemicals in the world.
The large-scale discharge of benzene poses a significant threat to public
health. Benzene and toluene are the most hazardous of all the BTEX
chemicals due to their ability to enter the human body rapidly and
disseminate throughout it. Although toluene is less acutely toxic, it can
cause neurotoxic effects and developmental problems with long-term
exposure (El-Hagrasy et al., 2025).Prolonged exposure to BTEX can
adversely affect the central nervous system, respiratory functions, and
skin health (Anjum et al., 2019).

Both substances persist in aquatic environments due to their low
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solubility and high volatility, which hinder biodegradation during reg-
ular aerobic or anaerobic treatment processes (Masumoto et al., 2014).
Their stable aromatic ring structures make them resistant to microbial
degradation, often requiring more advanced treatment techniques
(Lhotsky et al., 2017).

When present alongside phenolic compounds like p-nitrophenol
(PNP), benzene and toluene may experience co-degradation through
advanced oxidation or plasma-induced processes. This occurs via non-
selective radical mechanisms, such as ®OH attacks, which can simulta-
neously target several aromatic structures. Investigating benzene,
toluene, and PNP co-degradation offers a more accurate perspective on
mixed wastewater streams and can uncover potential synergistic or
inhibitory interactions among pollutants during treatment.

In this study, we demonstrate for the first time the potential of DBD
plasma to degrade a single pollutant (PNP) and multiple pollutants
(benzene, toluene, and PNP) and model pathogenic bacteria E. coli in a
single go using a DBD reactor. We have evaluated the influence of
plasma power, treatment time, and a concentration-dependent study on
the decomposition of the single pollutant PNP. The optimized parame-
ters for plasma power and treatment time were utilized to degrade
multiple pollutants and microbial growth inhibition using E. coli as a
bacterial strain in a single go. Multiple pollutant degradation was
monitored through COD (chemical oxygen demand) analysis. BOD
(biochemical oxygen demand) was also carried out to study the
decomposition of organic matter in a plasma-treated water sample. The
toxicity study of the water sample was also conducted to understand the
real-life impact of the treated water on seed germination using wheat
seeds and bacterial growth inhibition using E.coli as an indicator or-
ganism for water quality. The study evaluates the practicality of the
setup, thus paving the way for further research upscaling.

2. Materials and methods

TCI and Merk Industries PVT LTD supplied the chemicals used in the
study: P-Nitrophenol (PNP) (98 %) assay, Potassium dichromate
(K2Cra07) (99 %) assay, Sulfuric acid (H2SO4) (98 %) assay, silver sul-
phate (AgSO4) (98 %) assay, Mercury sulphate (HgSO4) (99 %) assay,
ferrous ammonium sulphate (FAS) (98.5 %) assay, ferroin indicator,
Manganese sulphate (MngO4-2H50) (98 %) assay, Potassium Iodide (KI)
(99 %) assay, Potassium Hydroxide (KOH) (85 %) assay, Sodium thio-
sulphate (NayS203) (99.5 %) assay, Starch indicator, Titanium sulphate
(~15 wt %), Ho05 (30 %) assay, Terephthalic acid (>98.0 %), Nitro blue
tetrazolium salt (NBT) (98.0 %), ethanol (99.9 %) assay, isopropanol
(99.8 %) assay, methanol (99.8 %) assay, sodium Nitrite (98 %) assay,
concentrated hydrochloric acid (36 %) assay, sulphanilamide (98 %)
assay, N-(1-naphthyl)ethylene diamine-2HCl (99 %) assay, and zinc
dust.

0.1 Liter/min

Flow Regulator

High Voltage
Electrode

Air Pump

]

Ground Electrode
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2.1. Plasma reactor construction

The schematic of the plasma reactor is presented in Fig. 1. The
reactor is constructed from borosilicate glass. An aluminium tape is
applied at the bottom of the reactor vessel, serving as a ground electrode
with a diameter of 30 mm. The electrode arrays are made using stainless
steel tubes with an outer diameter of 0.6 mm. These 10 electrodes are
arranged cylindrically, with a 5 mm distance between each electrode.
The electrodes are electrically connected via aluminium tape to an
opening in the gas inlet. The gas inlet flows at a rate of 0.1 L per minute,
pumped by an air pump. The flow passes through the array of electrodes.
The plasma is generated using an HV transformer, as shown in Fig. 1.
The dimensions of the transformer are 205 x 120 x 90 mm. The
transformer operates at 240 V of AC voltage and steps up to a maximum
of 6 kV. It can provide a peak output power of 400 W, achieved with a
fixed frequency of 16 kHz and a variable output voltage ranging from
0 to 6 kV. The real-time power the transformer consumes from the
electrical socket is measured using the Quick Sense Energy Meter D69-
0258 model. A volume of 5 mL of batch solution was used for water
treatment, maintaining a distance of 10 mm between the electrodes and
the water. A detailed picture of the plasma reactor and plasma genera-
tion is presented in Figs. S1 and S2 ESIf. For the experiment, 5 mL of 10
ppm PNP solution was used unless otherwise mentioned. The solution
was prepared using distilled water with pH and 6.8 and 11.2 pS/cm?
conductivity’ respectively.

2.2. Analysis of reactive species produced in plasma

2.2.1. Quantification of O3

The gas flow from the plasma reactor was bubbled through the so-
lution in a conical flask for 2 min after plasma ignition. The solution in
the conical flask comprised 10 mL of 2 M HCl, 10 mL of 10 % KI, and 5
mL of a phosphate buffer with a pH of 7. During the gas bubbling, the
solution turned yellow-brown as iodine was liberated. Subsequently, the
solution was titrated with a standardized 0.1 M Na3S,03 solution and 1
mL of starch solution as an indicator. When the endpoint was reached, it
was marked by a colour change from blue to colourless. The amount of
O3 present in the reaction mixture was estimated using Equation 1

ppm> _ 24*VThio *NTth *1000

Normalized O3 ( 120

Equation 1

In the above equation, Vpjo and Ny, are the volume and normality of
the thiosulphate solution, respectively.

2.2.2. Determination of H202
The amount of HyO» (long-lived species) generated during the
plasma discharge process was measured using the titanium sulphate

Gas Outlet

Ozone
Analysis

Transformer

Fig. 1. Schematic of the plasma reactor.
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method by (Chandana et al., 2022; Meiyazhagan et al., 2020). Titanium
sulphate reacts with HyO2 to create per titanic acid (yellow colour
complex), which absorbs at 420 nm (Chandana and Subrahmanyam,
2017; Meiyazhagan et al.,, 2020; Eisenberg, 1943). The maximal
absorbance of pertitanic acid at 420 nm was measured using a UV-vis
spectrophotometer (UV-2450, Shimadzu, Japan). To estimate HyO2 in
plasma, a 0.1 M titanium sulphate solution was prepared, with 2 mL of
titanium sulphate added to 2 mL of plasma-treated water for analysis.
For H,0; calibration, various concentrations of H,O5 were introduced to
the 0.1 M titanium sulphate solution, during which the corresponding
increase in peak absorbance was observed and presented in Fig. S5 ESI{.

2.2.3. Estimation of ®03 anion radical

The analytical method described by Goto et al. (2004) was used to
estimate the ®03 ion using nitroblue tetrazolium salt (NBT). The su-
peroxide radical in a water-based solution is unstable; therefore, NBT
was used to react swiftly with ®05. NBT reacts with ®05 radicals to form
a stable compound, formazan, which serves as the basis of quantifica-
tion. During the study, a solution of NBT was prepared by dissolving 42
mg of NBT in 100 mL of Milli-Q water and 10 % ethanol. A volume of 3
mL of the NBT solution was utilized in each run. To ensure the scav-
enging of ®OH radicals produced, 0.1 mM of isopropanol was added.
Additionally, samples were regularly withdrawn from the reactor and
mixed with 2 mL of methanol to dissolve the formazan completely. The
presence of formazan is identified by strong absorption at 530 nm using
a UV-vis spectrophotometer (UV-2450, Shimadzu Japan).

2.2.4. Quantification of ®OH radical

The OH® radicals are significant oxidant species in ROS and are
essential in the degradation process (Wang et al., 2016). Consequently,
the production of *OH as a function of plasma power and treatment time
was analysed to understand the degradation process. For this purpose, 3
mL of 0.05 mM terephthalic acid solution was prepared in water by
adding sodium hydroxide to enhance solubility (NaTA). The NaTA so-
lution (3 mL) was treated under various plasma discharge conditions.
When plasma interacts with the NaTA liquid, ®OH radicals are gener-
ated. This reaction mixture yields hydroxy terephthalic acid (HTA),
which exhibits a strong emission peak at 425 nm when excited with a
wavelength of 315 nm. The Carry Eclipse fluorescence spectrophotom-
eter was employed to obtain the emission spectrum. The reaction yield
of the NaTA molecule scavenging *OH radicals was assumed to be 35 %
(Sahni and Locke, 2006).

2.2.5. Determination of COD (chemical oxygen demand) and BOD
(biological oxygen demand)

The COD analysis was performed according to the procedure pro-
vided by the US EPA method #410.3, Stort No. 00340, using the titra-
tion method. In brief, 10 mL of sample solution, 10 mg of HgSO4, and 5
mL of concentrated H,SO4 were added to the sample. The solution was
swirled until the HgSO4 dissolved completely. Following this step, 25 mL
of 0.25 N K,Cry07 solution was added. Then, 70 mL of sulfuric acid-
silver sulphate was introduced with continuous swirling until thor-
oughly mixed, and the mixture was refluxed at 90 °C for 2 h. After the
solutions cooled to room temperature, they were titrated against the FAS
solution using a ferroin indicator.

Winkler’s technique was employed to assess the BOD of the samples
(APHA, 2017). To ascertain dissolved oxygen after plasma treatment, 5
mL of the plasma-treated solution at various discharge powers and du-
rations was filled into a 10 mL bottle to the neck and sealed alongside a
blank solution (untreated solution). The bottles were incubated for 7
days with a blank. After incubation, 1 mL of MgSO4 and 1 mL of alkali
iodide solution were added. The resulting brown precipitate was
allowed to settle, and then 1 mL of concentrated H,SO4 was introduced
to dissolve the precipitate, yielding a pale-yellow solution. This solution
was titrated against a 0.001 M NayS,03 solution with a starch indicator.
From this, the amount of dissolved oxygen was calculated. The same
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procedure was followed to determine the DO (day one) and the incu-
bated samples after 7 days (D7) by subtracting the dissolved oxygen
values from DO and D7 to obtain the BOD for each sample solution.

BOD (B) - (DOBOD — D7BOD)*8*N11110*1000
L/~ Volume of solution pipetted out (mL)

Equation 2

The PNP concentration as a function of plasma power and treatment
time is analysed using a UV-vis Spectrophotometer (UV-2450, Shi-
madzu Japan) and COD analysis by titration. The % degradation of PNP
is calculated using Equation (3).

G —Cy

% PNP degrdation = {T} x 100
0

Equation 3

Herein C; and Cy are the initial concentration of PNP at time zero
(initial concentration) and time t (mg/L), respectively. The energy yield
was calculated using Equation (4).

g ) (Ci x DE x V) x 100

= - E i
KWh quation 4

Energy yield ( T

In Equation (4) C; is the initial concentration of PNP (g/L), DE is
degradation efficiency given in (%), V is the volume of solution used in
the study (Liters), P is power (kW), and t is time (hours).

2.2.6. Phytotoxicity and bacterial toxicity

The phytotoxicity and bactericidal toxicity of plasma-treated and
untreated solutions were examined to understand the practicality of
DBD plasma-treated samples.

2.2.7. Phytotoxicity assessment

The phytotoxicity assessment used wheat seeds (Triticum aestivum)
purchased from Vibrex company, India. For each test, a maximum of
three samples were set up. Briefly, in each Petri dish, 10 seeds were
placed on cotton soaked in the plasma-treated sample, and an untreated
sample was added alongside distilled water as a control. The germina-
tion rate and seedling growth were monitored for at least 5 days.

2.2.8. Bactericidal effect of plasma

The time-dependent and power-dependent bactericidal efficiency of
plasma was evaluated against the indicator coliform bacteria Escherichia
coli (ATCC® 11775™), as reported by Lunov et al. (2016). The experi-
ments were conducted under sterile conditions. Bacterial cells were
inoculated in sterile nutrient broth and incubated at 37 °C for 18 h. A cell
pellet was obtained by centrifuging the inoculated broth at 6000 rpm for
10 min. The pellet was washed twice with sterile phosphate-buffered
saline (PBS, pH 7.2). A 1.5 x 108 cells/mL bacterial suspension was
prepared according to the 0.5 McFarland turbidity standard. This sus-
pension was diluted to achieve a 5 x 10° CFU/mL cell density in nutrient
broth for each treated and untreated culture flask. E. coli cells in the
inoculated flasks underwent subsequent plasma treatment. The plasma
treatment experiments were conducted in two sets. In the first set, the
plasma power was kept constant at 22 W, while the time intervals were
variedto 0, 1, 2, 3, 4, 5, and 10 min. In the second set of experiments, the
treatment time was maintained at 2 min, and plasma power was varied
from 18, 26, 30, and 40 W. A 100 pL cell suspension sample from treated
and untreated (control) flasks was swab inoculated onto the appropri-
ately labelled sterile nutrient agar Petri dishes. The inoculated petri
dishes were then incubated at 37 °C for 24 h. The experiments were
performed in triplicate, and the results were expressed as mean =+ SD.
The percentage of growth inhibition of E. coli cells was calculated using
the formula as shown in Equation (5).

A—-B
Growth inhibition (%) = {(T)] x 100 Equation 5

where A = Growth of control or untreated cells in CFU/mL, B = Growth
of treated cells in CFU/mL.
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3. Results and discussion

Fig. 2 depicts the PNP degradation and energy yield as a function of
input power. The general overview of the graph indicates that PNP
degradation and energy yield decrease as plasma power increases. The
energy yield relies directly on PNP degradation and is inversely pro-
portional to input power; hence, as degradation declines with rising
power, the energy yield correspondingly diminishes. At 18 W of input
power, a PNP degradation of 70 % and an energy yield of 1.57 mg/kWh
can be achieved. Increasing power to 22 W reduces PNP degradation and
energy yield to 65 % and 1.22 mg/kWh, respectively. Further increase in
power reduces PNP degradation from 60 % to 55 % at 26 and 32 W,
respectively. The energy yield decreases from 0.9 to 0.56 mg/kWh. This
observed trend may be attributed to the following factors: 1) The
decrease in the concentration of reactive species (reactive oxygen and
nitrogen species) generated in-situ, which facilitates the degradation of
PNP, 2) The overall power consumed is not directed towards degrada-
tion but is instead used to increase the thermal temperature of the
reactor.

Upon igniting plasma in the gas phase, primary, long-lived NO, NO2,
and Os species are generated. The detailed mechanism of species pro-
duction is presented in Table 1. The production of O3 is presented in R8.
The reaction proceeds via the reaction of singlet oxygen radical with
oxygen gas. Furthermore, due to the immense reactivity of the oxygen
radical, it reacts with N5 gas to produce NO, as presented in R6. The NO
gas produced can be intrinsically converted to NOy via the reaction
shown in R9. Apart from primary long-lived species, the long-lived
species react to produce secondary short-lived species with high
oxidation potential. Species, namely @ OH, H,0,, @0, HO»@®, and others
are produced by various reactions as presented in Table 1. In the pres-
ence of water, the detailed reactions of species are given from R10-R20.
The production of HyO5, @02- and HO»@ is possible in water, as shown
by R10, R20, R11 and R12, respectively. Out of reactive oxygen species,
the oxidation potential for @OH is highest, which is 2.8 eV > @03, 2.42
eV > 032.1 eV >Hy051.7 eV (Mcguire and Jakhete, 2012). Thus, @ OH
species quantification becomes essential, and their role in PNP degra-
dation needs to be evaluated. The ROS species quantified in the solution
are presented in Figs. 3 and 4.

Fig. 3 (a) illustrates the effect of plasma power on ®OH radical
species produced in plasma. As the plasma input power increases from
18 to 40 W, the ®OH radical species decreases 1.3-fold. This observed
trend is attributed to species quenching due to a rise in water temper-
ature and a decrease in pH. The pH of the solution falls to 2.3, and the
temperature rises to 50 °C for 22 W of plasma power, compared to the
initial pH of 6.8 and temperature of 30 °C, as shown in Fig. S3 ESI{.
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Fig. 2. The degradation profile of PNP as a function of plasma power at a fixed
treatment time of 2 min. The error bars indicate standard deviation with sample
sizen = 3.
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Table 1
List of chemical reactions which occur in plasma.
Reactions Reference
Gas phase R1 e+ HyO—e+ H® +®OH  (Yukinori et al., 2012;

Penetrante et al., 1997; Chen
et al., 2014)

R2 e+ Oy—e+ 2(0®) (1D)
R3 H0 +
2(0®) (1D)—-2®0H
R4 e+ Ny—e+ N,®
R5 Ny® + O;—»e+ Ny +

2(0®) (1D)

R6 N + (O®) (1D)->NO +
N.

R7 N® + OH®—e + NO +
H.

R8 0® + 0, + M=03 + M
R9 NO® + 035NO; + 0,

In the R10 ® L4
OH + ®OH~H,0, Oba et al. (2011)
presence of
water R11 03 + H,0—-HO,® + 0, (Penetrante et al., 1997; Tas
R12 H® + 0,4+ M—HO,® + etal., 1997; Obaetal., 2011)

M
R13  H® + HO,®—H,0,

R14 H,0, + 205—20H® + (Bedeaux et al., 2011;

30, Golkowski et al., 2012)
R15 O3+ ®*OH—2®0H +

30,
R16 -

SNOz + Ho0-2N0s™+ (i al 2016)

2H" + NO

R17  ®OH+ NO-NO, + H*
R18  HO,® + HO,® -H,0,
R19 H;0,—H,0+ O,

R20  ®OH-+ HO —0® + H,0

Similar observations are also made by Parrino et al. (2020), where au-
thors observed ®OH concentration decreases with the pH of the solution.
Similarly, the temperature effect on ®OH radical quenching is evaluated
by Koshlyakov et al. (2021). The authors measured reaction rates of
®0H radical with trimethyl phosphate in the gas phase. They observed
that the rate constant decreases with an increase in reaction tempera-
ture, possibly due to the quenching of ®OH radical species. Similarly, the
effect of plasma treatment time at a fixed plasma input power of 22 W is
presented in Fig. 3(b). It is observed that an increase in plasma treatment
time results in a decrease in ®OH radical concentrations. For instance, as
plasma treatment time is extended from 1 to 5 min, the ®OH radical
concentration decreases fourfold. This trend may be attributed to the
extended plasma irradiation time, which leads to significant water
heating and a corresponding drop in pH (approximately 60 °C and pH
~2.5). The detailed pH and temperature data are supplied in Fig. S3
ESIY.

Fig. 4 Depicts the ®03 species concentration as a function of plasma
power and treatment time. The ®053 radicals can exist in two forms, i.e.,
protonated form HO?® or deprotonated form, i.e., @0z. In an acidic
medium, it exists in deprotonated form, i.e., ®0;. Unlike ®OH radicals,
the ®0; radical species concentration increases with plasma power, as
seen in Fig. 4 (a). The ®03 species concentration increases by 3-fold
upon increasing power from 18 to 40 W. Similarly, Fig. 4 (b) repre-
sents the ®03 species concentration increases with plasma treatment
time. During the analysis, no HyO, was produced, and its concentration
was below the detection limit of our method Fig. S4-S5 ESIf. The radical
quenching experiments with scavenger IPA and benzoquinone for
scavenging ®OH and ®05 are carried out and presented in Fig. S6 ESI{.
It is observed that as scavenger is added for ®OH, a decrease in pollutant
degradation occurs.

Fig. 5 depicts the normalized Os concentration as a function of
plasma power and time. Fig. 5 (a) shows that the normalized O3 con-
centration grows with increased plasma input power. At 18 W, 100 + 10
ppm O3 was produced, rising to 160 + 10 ppm Og at 40 W input power.
The surge in O3z concentration with an increase in plasma power is
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Fig. 3. ®OH radical quantification (a) as a function of plasma input power at a fixed treatment time of 2 min and (b) as a function of time at a fixed plasma power of
22 W.
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Fig. 5. O3 species quantification (a) as a function of plasma input power at a fixed treatment time of 2 min and (b) as a function of time at a fixed plasma power of 22
W. The error bars indicate standard deviation with sample size n = 3.

attributed to the rise in micro discharges in plasma reactor volume produced as a function of plasma treatment time at a fixed plasma power
Fig. S2 ESI}. This increase in the number of discharges increases the of 22 W. The O3 produced increases from 140 + 10 ppm O3 at 1 min
interaction of plasma streamers with oxygen molecules to create nascent treatment to 160 + 10 ppm Og for 5 min treatment. This could be
oxygen species, which then react with oxygen molecules to lead to O3 because the number of micro-discharges at a fixed power might remain
production, as depicted in R8 Table 1. Fig. 5(b) represents the Os the same while the number of Oy molecules interacting within the
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plasma volume increases. However, the difference is negligible, as the
rise in reactor temperature leads to the decomposition of the O3 pro-
duced. Extending the plasma treatment time to 10 min reduces the O3
generated to 40 ppm. This reduction may be due to the heating of the
reactor volume, which decreases the O3 because of its decomposition.

Fig. 6 depicts the impact of plasma treatment time on PNP degra-
dation at a fixed input power of 22 W and corresponding energy yield. A
maximum of 83 % degradation is achieved at plasma treatment time <3
min. As the treatment time increases from 3 to 7 min, the degradation
efficiency decreases from 83 to 70 %. Similarly, the energy yield de-
creases as treatment time increases from 3 to 7 min from 1.7 to 1.29 mg/
kWh. This is because, as shown in Equation (4), the energy yield de-
creases with an increase in time and decreases with an increase in
degradation. The further increase in treatment time to 15 min leads to
50 % degradation. This is attributed to the lower concentration of
reactive species produced and sustained in plasma volume. Prolonged
plasma exposure (over 3 min) reduces degradation efficiency due to two
main factors. Firstly, prolonged operation increases the thermal load,
heating the reactor and promoting the decomposition of short-lived
radicals like ®OH, indicated by solution temperature rise and pH drop
(Fig. S3 ESI}). Secondly, accumulating intermediate products, like
quinones and low molecular weight organic acids, may scavenge active
species and compete for oxidation, creating a complex reaction envi-
ronment that slows the degradation rate of the parent pollutant.
Therefore, shorter treatment cycles may better maintain optimal radical
activity and degradation efficiency.

3.1. Understanding the impact of concentration on PNP degradation

Fig. 7 depicts the effect of PNP concentration on its degradation at
22 W of input power and 2 min of plasma treatment time. As seen in
Fig. 7, at concentrations <15 ppm, a maximum degradation of <95 % is
observed. The further increase in PNP concentration decreases the
degradation of PNP. The degradation of PNP displays excellent linearity
with an R? value of 0.91. The decrease in degradation may be linked to
the limited amount of RONS species produced in water, which is inad-
equate to cause complete degradation. Thus, as the concentration of PNP
rises, the degradation efficiency declines. The increase in PNP concen-
tration reduces the conversion of PNP. However, the energy yield rises
with an increase in concentration. This suggests that even high con-
centrations of PNP in water can be effectively degraded with plasma.
Since the ®OH possesses the highest oxidation potential and a very short
lifetime, it could dominate the degradation of PNP. Fig. 8 depicts the
plausible degradation mechanism of PNP using ®OH.

The degradation pathway illustrated in Fig. 8 is proposed based on
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Fig. 6. Effect of PNP degradation as a function of plasma treatment time at
fixed power of 22 W. The error bars indicate standard deviation with sample
sizen = 3.
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Fig. 7. Effect of PNP concentration on degradation of PNP at fixed input power
and treatment time of 22 W and 2 min time, respectively. The error bars
indicate standard deviation with sample size n = 3.

the literature. It is primarily driven by ®OH radicals’ activity, which was
supported by quenching experiments conducted in this study (Fig. S6
ESIf). However, as intermediate degradation products were not directly
identified in our experiments, the mechanism remains hypothetical.
Future studies will focus on validating this pathway through detailed
characterization of intermediates using techniques such as LC-MS or GC-
MS. The degradation of organic pollutants in plasma-treated systems is
driven by generating a complex mixture of reactive oxygen and nitrogen
species (RONS), each playing a distinct yet interconnected role in the
oxidation process. While individual species such as ®OH radicals,
®0;radicals, and O3 have been quantified and discussed separately, it is
the interplay and synergy among them that underpin the overall
degradation efficiency.

Due to their exceptionally high oxidation potential (2.8 eV), ®OH
radicals are the primary agents for the initial attack on pollutants like
PNP through hydroxylation. This leads to ring opening and the forma-
tion of intermediate products such as benzoquinone and hydroxyquinol
(as shown in Fig. 8). These species act rapidly and non-selectively,
breaking down even stable aromatic structures.

Simultaneously, Os, a longer-lived oxidant, can directly oxidize
certain intermediate compounds and acts as a precursor to ®OH gen-
eration. The prime oxidizing species is ®OH radical and, as shown in
Fig. 8. Initially, ®0H radicals create nitro-catechol (II) when they react
with PNP at the ortho position about the hydroxyl group. The subse-
quent hydroxylation of PNP produced an intermediate benzoquinone
(VII). The nitro-catechol transforms into hydroxyquinol (VIII) after
losing its nitro group. Then, both of the produced intermediates un-
derwent oxidation to yield low molecular weight unsaturated carboxylic
acids (but-2-enedioic acid (III) and saturated carboxylic acids (propane-
dioic acid (V) and oxalic acid (VI)). The other literature dealing with the
degradation of PNP using plasma also reports a similar degradation
species where degradation of PNP is dominated by ®OH radicals pro-
ducing muconic acid, succinic acid, 2-oxomalonic acid, and 2-hydroxy-
malonic acid. Finally, these products of ring-opening reactions were
further mineralized into inorganic molecules, e.g., CO3, H,0, NO3, and
NO3 (Zhao et al., 2022; Khourshidi et al., 2024; Farzinfar and Qaderi,
2022). Also, ®03 radical quantified in the reaction medium and HO®
radicals can participate in redox cycling and act as reducing/oxidizing
agents depending on the pH and solution chemistry. Under acidic
plasma conditions, HO?® dominates and can react with organics or
regenerate ®OH through secondary reactions, enhancing the radical
pool. The synergy among these species creates a cascade effect: O3 and
®0; radical species extend the oxidative lifetime and reach of plasma
treatment by generating ®OH radicals even after the plasma is turned
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Fig. 8. A plausible mechanism proposed for PNP degradation. Adapted from reference (Yadav et al., 2023; Moctezuma et al., 2012).

off. This complex interplay ensures more complete degradation of pol-
lutants, including intermediates, compared to what could be achieved
by any single species alone. At optimal plasma power (18-22 W), the
balance between generation and quenching of RONS is most favourable,
enabling maximal degradation efficiency and energy yield. At higher
powers, excessive heating leads to species quenching, especially of ®OH,
thereby disrupting this synergistic balance and diminishing degradation
efficiency.

This synergistic behaviour is essential for applying plasma in
wastewater treatment, especially for complex pollutant mixtures, where
multiple oxidation pathways must be simultaneously activated for
effective remediation.

Table 2 represents the comparative study of available literature re-
ports on plasma for PNP degradation. Various plasma combinations are
employed for PNP degradation. The existing literature indicates that not
all studies are compared using a single benchmark parameter. Our
observed degradation aligns with existing research, demonstrating that

with a shorter treatment time of 2 min and a power of 22 W, an energy
yield of 14.4 g/kWh of PNP removal can be achieved. In this study, we
observe a significant reduction in plasma treatment time compared to
other studies. Concerning energy yield, the microwave atmospheric
plasma jet employed by Zhao et al. (2021, 2022) shows the highest
energy yield of 657 and 615 g/kWh, significantly higher than our ob-
tained values of 14.4 g/kWh. The concentration of reactive species
produced by the two techniques differs, and the heating of the reactor,
which the authors have decreased through coolant circulation, could be
the potential reason behind the observed efficiency. As seen from Ta-
bles 2 and in comparison to DBD plasma and corona discharge plasma,
the values of energy yield are significantly superior. The energy yield
and PNP conversion reported in the current study could be further
enhanced by reducing the heat generated in the reactor by using a
coolant circulating or increasing the gas feed flow rate and changing
plasma mode to nanosecond pulse mode, which is the future scope of the
work.

Table 2
Comparative analysis of PNP degradation through plasma.
Plasma type [PNP] Conversion Plasma operating parameters Reference
(ppm) ) Plasma power, energy yield Treatment time
(min)
DBD Fe/Peroxy Sulphate 5 81.1 4.2 W, 0.2295 g/kWh 50 Shang et al. (2019)
Liquid pulse discharge Peroxydisulphate 100 90 Applied voltage 13 kV, 0.04 g/ - Shang et al. (2017)
kWh
Plasma Jet 100 55 43 mJ, 0.025 mgk.]’1 5 Chen et al. (2019)
DBD CoFe;04/MWNTs/sponge 10 98.5 30V 40 Long et al. (2021)
Multi-tube parallel surface discharge plasma reactor 40 97 30 kv, 27.4 g/kWh 180 Wang et al. (2012)
Gliding Arc discharge 140 90 10 kv 120 Ferhat et al. (2017)
DBD 100 15 110V 30 Wang et al. (2020)
Microwave atmospheric plasma jet 100 100 380 W, ~657 g/kWh 12 Zhao et al. (2021)
Microwave atmospheric pressure plasma 100 93.6 380 W, ~615 g/kWh 12 (Zhao et al., 2022) ]
plasma jets, the mixed Argon jet 100 97.2 57.3 g/kWh 6 Acharya et al. (2024)
Corona discharge of needle-to-plate graphene-ZnO 30 93.6 % Voltage 20 kV, frequency 50 Hz 30 (Guo et al., 2024)
nanoparticles
DBD plasma Oj circulation 50 94.4 16 kv,1.18 g/kWh 30 Khourshidi et al. (2024)
DBD plasma 15 93.6 13 kv 30 Farzinfar and Qaderi
(2022)
DBD plasma 100 77 22 W, 14.4 g/kWh 2 Present study
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3.2. Degradation of multiple organic pollutants

The reactor is tested for the degradation of multiple organic pollut-
ants in a single treatment using plasma. For this purpose, a 20-ppm
solution of each benzene, toluene, and PNP (totalling 60 ppm) is mixed
to simulate a real-life elution situation. These organic compounds are
chosen because they are commonly found in water and used in industry
as solvents or precursors for synthesizing various products. Individual
degradation studies of these organic pollutants have been conducted in
multiple studies. However, degrading multiple organic contaminants in
a single go is challenging and tedious.

Fig. 9 represents the percentage degradation of multiple organics in
wastewater. At a power of 18 W, a maximum of 55 + 5 % of total or-
ganics degradation in water is observed. The further increase in input
power to 22 W organic removal decreases to 35 + 5 %. At 30 W and 40
W input power, less than 30 &+ 5 % of organic removal occurs. The
plausible degradation mechanism of individual benzene and toluene
adapted from literature is provided in the supplementary information
file Figs. S7-S8 ESIf. It has been observed that complete COD removal is
not achieved for the mixture of organic pollutants. This may be due to
the many reactive intermediates that are formed and not mineralized.
The detailed degradation mechanism of multiple pollutants is compli-
cated and beyond the scope of current work. A similar trend is noted for
energy yield. The degradation of organic pollutants from COD is found
to be maximum at 18 W; at this power, the concentration of reactive
species is also at its peak, resulting in an energy yield of 0.73 gCOD/
kWh. However, further increases in plasma power decrease energy yield
to 0.47 gCOD/kWh at 22 W. This reduction is attributed to a decline in
the reactive species concentration, as discussed previously. The energy
yield in the given system can be further enhanced by adjusting the
operating conditions, such as circulating coolant and changing the
plasma operating mode from continuous to pulse mode, which can
reduce the heating effect in the reactor.

The multiple organics containing water are analysed for BOD
(biochemical oxygen demand analysis). The BOD indicates the amount
of oxygen available in the reaction mixture for microorganisms’
degradation of organics in water. Fig. 10 shows untreated water (mul-
tiple pollutants) has a higher BOD value than distilled water. The higher
BOD levels infer that more oxygen is required for pollutant degradation
in biological species. The plasma treatment leads to a 2.5-fold lowering
in BOD value at 18 W. The further increase in plasma power leads to a
2.7-fold lowering in BOD value at 22 W. The decrease indicates a
lowering of water’s organic toxicity after treatment and plasma’s
effectiveness in degrading multiple organic pollutants simultaneously.
The biodegradability of the plasma-treated wastewater was assessed
using the BOD/COD ratio at varying discharge powers (18, 22, 30, and
40 W), resulting in ratios of 0.055, 0.079, 0.109, and 0.084, respectively.
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Fig. 9. Degradation of multiple organics in water at fixed plasma treatment
time 2 min.
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Fig. 10. The variation in BOD (biochemical oxygen demand) of water treated
with plasma at a fixed treatment time of 2 min.

All values remained below the standard biodegradability threshold of
0.3, indicating limited biodegradability. The maximum biodegradability
was observed at 30 W, suggesting optimal plasma conditions within our
tested range. However, the persistence of refractory intermediates
generated during plasma treatment highlights the importance of
enhancing ®OH radicals’ production. Our setup is limited due to
excessive heating effects on reactor walls and the aqueous solution.
Consequently, future strategies could include biological post-treatment
or further optimization of plasma parameters (e.g., discharge duration,
gas composition, power modulation) to improve the overall wastewater
treatment efficacy.

The multiple organics containing water and post treatment water
was used for evaluation of phytotoxicity using Triticum aestivum seeds as
model. Table 3 presents the effect of plasma treatment on Triticum aes-
tivum (wheat seeds). It is observed that the plasma treatment leads to
enhanced seed germination compared to control water and multiple
organic pollutants. On Dyp+1 with water, 80 % germination is observed,
whereas in the presence of numerous organic pollutants, 70 % germi-
nation is observed. Upon plasma ignition in the solution of multiple
organic pollutants, the germination percentage is raised to 90 % at 18 W,
which increases to 100 % germination at 22 W of input power. The in-
crease in germination percentage is attributed to a lowering in organic
toxicity and an added boost for germination via an increased concen-
tration of NO3 and NOj3 species in water, which counteracts abscisic
acid and initiates germination. The abscisic acid controls seed
dormancy. Similarly, the shoot length of wheat seeds added with
plasma-treated multiple organic pollutants is higher than the untreated
sample. This is attributed to nitrates and nitrites in plasma-treated water
samples, which act as chemical fertilizers Fig. SO ESI}.

Plasma treatment lowered water’s phytotoxicity, as evidenced by
previous studies. Apart from the organics, pathogens can also affect

Table 3
Effect of plasma treatment on percentage germination and shoot length.

Seed samples Germination % Shoot Length (cm)

Do +1) (Do + (Do + (Do + (Do +

1) 2) 3) 4)
Control (water) 80 0.75 1.75 5.05 6.55
Control (Multiple 70 0.5 1.5 4.65 7.2

organic Pollutants)

18 W 90 0.7 1.7 5.6 6.75
22W 100 0.55 1.65 4.9 6.9
30 W 60 0.45 1.4 4.3 6.5
40W 70 0.5 1.5 4.1 5

Do = Day of treatment, Values are expressed as mean, n = 3.
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water quality, making it unfit for usage. Thus, a bacterial toxicity study
to explore the inhibition of the growth of E. coli as a model pathogen
strain with plasma is evaluated by varying plasma input power and
treatment time. Fig. 11 depicts the impact of plasma input power at a
constant plasma treatment time of 2 min. It’s observed that when plasma
power increased from 18 to 40 W with a fixed treatment time of 2 min,
growth inhibition of E. coli colonies increased. Table 4 depicts per-
centage growth inhibition as a function of plasma input power. At 18 W
of plasma power, 14.38 + 1.63 % growth inhibition is observed. The
growth inhibition increases to 28.57 + 1.24 % at 26 W, a 2-fold increase
compared to 18 W plasma power. The increase in plasma power to 30 W
led to a 1.68-fold increase in inhibition of E. coli colonies. Further, at 40
W, 74.13 & 1.69 % inhibition of E. coli colonies was obtained.

The multiple pollutant containing water and post treatment water
was used for evaluation of phytotoxicity using Triticum aestivum seeds as
model. Fig. 12 demonstrates the influence of plasma treatment on
growth inhibition at a fixed power of 22 W. The 1-min plasma treatment
resulted in 10.67 + 1.25 % growth inhibition of E. coli. An extended
duration of plasma treatment resulted in further growth inhibition. It
can be observed through Table 5 compared to the control, the plasma
treatment of 3 min led to ~50 % inhibition of E. coli’s growth. Treatment
lasting 4 and 5 min with plasma resulted in 67.78 + 0.82 % and 98.09 +
1.25 % growth inhibition of E. coli, respectively. Furthermore, after 10
min, no growth of E. coli was observed, indicating complete inhibition of
the bacterial cells.

This trend differs from pollutant degradation, where increased
plasma input power and treatment time result in lower degradation of
pollutants. In contrast, the inactivation of E.coli bacterial colonies in-
creases with both plasma input power and treatment time. This can be
attributed to selective species, namely ®OH, which plays an effective
role in pollutant degradation due to its high oxidation potential.
Conversely, all reactive oxygen and nitrogen species contribute to the
inactivation of bacterial colonies.

To statistically validate the role of plasma in microbial inhibition and
its contribution to BOD reduction, a two-way ANOVA with replication
was performed using bacterial inactivation data across five plasma
power levels (0, 18, 26, 30, and 40 W), each with three replicates.
Notably, the interaction term Power x BOD was found to be highly
significant (F = 437.71, p < 0.0001), indicating a strong combined effect
of plasma power and organic load (BOD) on microbial inactivation ef-
ficiency. Detailed ANOVA results are provided in Table 1 ESIf.

The improvement in seed germination and shoot length observed
with plasma-treated water, especially at 18 W and 22 W input power,
indicates a notable decrease in phytotoxicity. This suggests that DBD
plasma treatment effectively diminishes the toxicity of organic pollut-
ants in water, making the treated water more suitable for agricultural
reuse. The enhanced seed germination rate may also stem from plasma-
generated nitrate and nitrite species, which are known to promote
germination by counteracting abscisic acid and boosting seed metabolic
activity.

Moreover, the reduction of E. coli noted in the bacterial inhibition
assay underscores the antimicrobial effectiveness of the plasma treat-
ment. This is particularly significant for practical wastewater treatment
applications, where microbial contamination poses health hazards.
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Table 4
Inhibition of growth of E. coli (%) at different power for 2 min.

Power (W) % growth inhibition
Control (Untreated) 0

18 14.38 + 1.63

26 28.57 £ 1.24

30 48.16 + 0.81

40 74.13 £1.69

Values are expressed as mean + SD, n = 3.

Achieving complete bacterial inhibition at higher plasma doses dem-
onstrates the potential of this method for controlling pathogens while
degrading pollutants. These findings indicate that the DBD plasma sys-
tem provides a dual advantage—chemical detoxification and microbial
disinfection—crucial for effective water purification and safe agricul-
tural or environmental reuse. Overall, the improved seed germination
and complete bacterial inhibition suggest reduced phytotoxicity and
effective microbial disinfection, indicating potential reuse in agricul-
tural and sanitation contexts. However, low-biodegradability in-
termediates and a lack of long-term ecological data highlight the need
for complementary treatments or monitoring before large-scale
deployment.

4. Conclusion

This study examines a DBD reactor for removing P-nitrophenol (PNP)
and other pollutants from water. About 70 % degradation of 10 ppm
PNP occurs at 18 W in 2 min, with energy yield of 1.57 mg/kWh; both
degradation and yield decline with higher power. Increasing micro-
discharge channels heat walls, reducing necessary radicals. The main
reactive species are O3, ®OH, and ®0;, which oxidize PNP. Longer
treatment times decrease degradation. Trends align with plasma species
concentration; O3 increases with power but decreases with time, while
®0H and ®0; concentrations drop due to quenching. The plasma effi-
ciently removes multiple organic pollutants (benzene, toluene, PNP) at
optimal conditions (18 W, 2 min), achieving 55 % degradation and 0.73
gCOD/kWh energy yield. COD analysis supports this degradation; BOD,
phytotoxicity, and antimicrobial tests show reduced organic matter.
Plasma-treated water improves wheat seed germination due to benefi-
cial NO3 and NOj3 species. Increased energy and treatment time inhibit
E. coli growth. A two-way ANOVA indicates significant effects of plasma
power and BOD on inhibition (p < 0.0001). DBD plasma’s practicality is
confirmed by enhanced germination and microbial inactivation,
reducing toxicity for reuse in irrigation or discharge. For a single
pollutant at 100 ppm, 14.4 g/kWh energy yield is achieved at 22 W in 2
min, while 0.73 g/kWh is noted for multiple pollutants. Although PNP
efficiency is lower than some high-power systems, our method offers
advantages like ambient operation, no additional chemicals, and
compact scalability. Significant degradation without secondary waste
positions it as a clean alternative to conventional processes. This work
verifies ®OH’s role in degradation and microbial inactivation, but the
mechanism is hypothetical due to undetected intermediates. Future
studies should use sophisticated techniques to clarify degradation
pathways and interactions in complex mixture interaction effects.

Fig. 11. Growth inhibition of E. coli at different input power for 2 min (A) Control (Untreated), (B) 18 W, (C) 26 W, (D) 30 W, (E) 40 W.
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Fig. 12. Growth inhibition of E. coli at different time intervals at the fixed plasma power of 22 W: (A) 0 min (control), (B) 1 min, (C) 2 min, (D) 3 min, (E) 4 min, (F)

5 min, (G) 10 min.

Table 5
Inhibition of growth of E. coli (%) at various treatment times at a plasma
input power of 22 W.

Time interval (in minutes) % growth inhibition

0 (control or untreated) 0

1 10.67 + 1.25
2 26.57 + 1.25
3 48.26 + 2.05
4 67.78 + 0.82
5 98.09 + 1.25
10 100

Values are expressed as mean + SD, n = 3.

Results highlight the system’s dual-function capability and robust per-
formance. The enhanced efficiency can be achieved by reducing energy
losses and thermal effects while improving electron utilization. Opti-
mizing dielectric materials, gas flow, and catalytic surfaces may extend
radical lifetimes. This study confirms DBD plasma’s potential for
degrading organic pollutants and microbial contaminants with a small
sample volume. Thus, paving the way for further development of setup
for improving pollutant removal efficiency.
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