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A comprehensive investigation of the input parameters in a plasma-liquid interaction (PLI) for the removal of
methylene blue (MB) in artificial wastewater was conducted using a cold atmospheric pressure Ar plasma jet (jet
temperature = 40 °C). The Ar plasma jet was generated by a gliding arc configuration and driven with a 50 Hz
AC high voltage. The effects of key parameters on MB removal efficiency were systematically examined,
including stirring solution, distance from the plasma jet source to the liquid surface, interaction time, initial
MB concentration, and Ar flow rate. These results indicate that increasing the Ar flow rate, treatment time,
and stirring solution improved the MB removal efficiency. In contrast, the efficiency decreased with distance
and the initial MB solution. To evaluate the magnitude of these factors, a quadratic equation was developed
to predict MB
Consequently, the relative importance of the factors based on first-order coefficients was determined as

removal efficiency, demonstrating good agreement with the experimental data.

follows: treatment time > Ar flow rate > initial MB concentration > distance > stirring solution. These
findings provide valuable insights for optimizing the plasma configuration and operating conditions for
efficient MB removal via PLI treatment. Remarkably, 99% of MB degradation in the feed (20 mg LY was
achieved within 50 minutes of treatment, with an energy efficiency of 82.76 mg MB per kW per h,
corresponding to 241.67 kW h m~ for an initial MB of 20 mg L™, This process is environmentally friendly
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1 Introduction

The more modern human society is, the more diverse fashion
needs there are in terms of designs, materials, and colors.
Consequently, the textile and dyeing industry is growing rapidly
around the world." To create a dyed textile product, raw materials
must go through many stages, such as knitting, washing,
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owing to its low electrical energy consumption and the fact that no chemicals are used.

blenching, coloring, laundering, and completing. During these
processes, a huge amount of water is consumed, and an equal
volume of wastewater is generated.” Methylene blue (MB) is
considered one of the most common colorants in the textile
industry. The MB formula is C;¢H;5CIN3S (the weight of a mole-
cule is 319.85 g mol™Y); it is a cationic dye and heterocyclic
aromatic compound.®> A huge amount of MB is used in the
cosmetics, textiles, leather, and pharmaceutical industries, and
a large volume of wastewater containing this dye is discharged
into the environment." It penetrates water bodies, causing
pollution of surface water and groundwater if not thoroughly
treated. Many publications have confirmed that MB is the cause
of several diseases as they are teratogenic, carcinogenic, and
embryotoxic for rats and fish.* MB poisoning in humans was also
described through manifestations such as sickness, high blood
pressure, anemia, and intellectual and skin injuries.® It was re-
ported that a minimum dosage of 5 mg MB per kg might cause
fatal serotonin toxicity in humans or be a threat to fauna in
aquatic ecosystems.’ Therefore, MB dye removal from wastewater
is crucial for sustainable development.®”

Research, development, and application of innovative tech-
nologies for removing MB in water have increasingly focused on
addressing environmental issues related to this colorant.* To
date, the basic approaches for treating organic matter in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wastewater have been physical, chemical, biological, or
combined processes.** The advantages of physical approaches
are that they are simple to design, are easy to operate, have low
treatment costs, and generate limited sludge.'>'* However, this
method may have drawbacks, such as slow applicability and
incomplete treatment consequences of generating toxic by-
products.” In other treatment directions, physicochemical
pathways commonly used for effective dye removal include
coagulation-flocculation, electrochemical, and advanced
oxidation processes. However, chemical processes also have
many limitations, such as high costs, large volumes of
hazardous sludge generated after treatment, high electrical
energy requirements, and the requirement for proper
equipment.’**® Biological treatment is often applied as
a secondary treatment stage for textile wastewater following
physical and chemical treatment. This process helps improve
treatment efficiency and reduce costs per unit volume of
wastewater. However, the generation of large amounts of
biomass sludge requiring further treatment and greenhouse gas
emissions in anaerobic wastewater treatment are problems that
contribute to global warming."*>* Moreover, biological methods
are economically feasible;** however, these approaches are less
effective and consequently require a lengthy processing time.>
Although conventional wastewater treatment methods, such
as physical, physicochemical, and biological processes, face
limitations, such as slow kinetics, sludge generation, high costs,
or the generation of toxic by-products, atmosphere-pressure non-
thermal plasma (NTP) has emerged as a highly efficient and
environmentally superior alternative, aligning perfectly with the
growing focus on sustainable technologies. Indeed, regarding
environmentally friendly technology, NTP has emerged as
a highly efficient and environmentally compatible tool for acti-
vating advanced oxidation processes (AOPs).>*?* The scientific
community has shown significant interest in this technology.”*=*
The exceptional efficiency of NTP is attributed to the generation
of numerous reactive oxygen species (RON), including O°, O;,
0O, , "OH, H,0,, and 03.*** These highly reactive species effec-
tively degrade and mineralize organic pollutants through direct
bond breaking, often achieving significantly faster rates and
crucially avoiding the hazardous by-products commonly associ-
ated with chemical treatment methods. Furthermore, NTP's
synergistic combination of the chemical and physical effects,
including localized heat and UV photons, offers a comprehensive
and practical approach to treating dye-contaminated wastewater,
effectively overcoming many of the key drawbacks inherent in
traditional techniques and positioning it as a greener solution.
Dye-contaminated removal by NTP treatment is an advanced
oxidation process that presents effectiveness and green tech-
nology in dye treatment.*** Aloui et al.*” showed a method for
degrading MB by pulsed nanosecond discharge in water with Ar-
0O, gaseous plasma bubbles, which are generated by a novel one-
electrode setup (a needle-to-plate configuration) and a four-
electrode setup (four needle-to-wire configuration). The degra-
dation of MB was obtained from the H,0,-MB reaction
depending on the production rate of H,O, in each electrode
setup, the percentage of O,, and water conductivity. A novel work
using non-thermal atmospheric plasma in the degradation of dye
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wastewater assisted by the reverse osmosis process through
interfacial mass transfer enhancement was proposed by Chen
et al.,** enhancing the mass transfer of methylene blue in the
falling film reactor. The energy yield also increased 1.44 times
with the pretreatment of reverse osmosis compared with tradi-
tional non-thermal plasma. However, the effects of experimental
conditions on MB removal by plasma-liquid interaction (PLI)
have not been analyzed comprehensively. Therefore, there is
a need for further investigation of the effects of input parameters
and optimal conditions for MB removal by NTP treatment.
Specifically, they are the MB concentration, reaction time, swirl-
ing rate, and the distance between the plasma source and the
liquid surface. This research explores the application of a cold Ar
plasma jet operating under atmospheric conditions for the
removal of MB through plasma-liquid interaction (PLI). This
non-thermal plasma approach, implemented on a home-built
system, demonstrates impressive MB degradation efficiency,
achieving over 80% removal within 30 minutes of treatment. This
corresponds to a notable energy efficiency of 55 mg MB per kW
per h for an initial MB concentration of 10 mg L™ '. To gain
a thorough understanding and optimize this treatment process,
a comprehensive analysis of the key input parameters for MB
removal by PLI was conducted using both experimental investi-
gations and mathematical modelling.

2 Experimental
2.1 Chemicals

Methylene blue trihydrate (Xilong Scientific, C;¢H,;5CIN;-
S-3H,0, CAS: 7220-79-3, China) with an assay of 98.5% was
dissolved in pure water (distilled water) to create artificial dye
wastewater. The dye wastewater with an MB concentration
ranging from 5 to 20 mg L™ " was used in the experiments. Argon
(Ar) gas, used to generate the plasma jet, was supplied from
a gas tank with a purity of 99.95%. In the case of aerating the
MB solution, either O, gas with a purity of 99.99% or air
supplied from the atmosphere by a gas pump was used.

2.2 Plasma liquid interaction for MB removal

The experimental schematic of the PLI for MB removal is
depicted in Fig. 1. The Ar plasma jet was generated using
a gliding configuration,* as shown in Fig. 1(a). Two metal
electrodes were fixed and placed inside a dielectric funnel with
an inner diameter of 4.5 mm for the nozzle exit. The plasma jet
was driven by a 50 Hz AC voltage with an amplitude of 2 kV and
an Ar flow rate ranging from 2 to 5 L min~ ", in which the Ar flow
was controlled by applying a ball flow meter. Fig. 1(b) and (c)
shows that the images of the plasma jet were generated under
an Ar flow rate of 3.5 L min~'. To determine the discharge
power of the plasma jet, voltage and current during plasma
discharge were measured using a high voltage probe (Pintek,
HVP-15HF, China) and a current monitor (Pearson model 410),
respectively. These electrical waveforms were recorded using
a digital oscilloscope (Tektronix, TDS 2012B, USA); the data
were used to estimate plasma discharge power (P) by integrating
voltage and current*” as follows:
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Fig. 1 (a) Schematic of the experimental setup for Ar plasma jet
generation, (b) side view of the plasma jet, (c) bottom view of the
plasma jet, and (d) Ar plasma jet interacting with MB solution.

1 T
Discharge power, P,, (W) = T J v(t) i(t)dzr. (1)
0

PLI for MB removal efficiency was performed by the plasma
jet source located at the center of a glass beaker (50 mL) that
contained 10 mL of MB solution, as shown in Fig. 1(d). Herein,
the distance (d) between the nozzle exit and the solution surface
was adjusted by applying a lab jack stand table lift; in this study,
d was fixed ranging from 5 mm to 15 mm. MB removal by PLI
was examined under variation of stirring solution, the distance,
interaction time (time treatment), initial MB concentration and
Ar flow rate. To evaluate these factors in the treatment, the
removal efficiency of MB was calculated by applying eqn (2), in
which the MB concentration was measured by the solution
absorbance with a 665 nm light source, which was conducted
using a UV-Vis (Thermo Scientific, Evolution 350 UV-Vis). The
concentrations were estimated through the absorbance cali-
bration curve of standard solutions; the standard MB concen-
trations ranged from 0 to 20 mg L™, and the R*> of the
calibration curve was 0.999. Under each experimental condi-
tion, the MB concentrations were measured at least three times,
and their mean values were used. The absorbance of the MB
solutions was measured to two decimals (0.01 scale, corre-
sponding to 0.05 mg L"), resulting in an error in the MB
removal efficiency in the 1.0% range in the experiment.

Removal efficiency, R (%) = (1 - %) x 100%.  (2)
initial

2.3 Infrared spectroscopy analysis and model for optimizing
processes

Infrared spectroscopy analysis of the treated MB solution was
carried out by applying a Fourier Transform Infrared Spectro-
photometer (FTIR, PerkinElmer, MIR/NIR Frontier). The
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samples for FTIR analysis were prepared with 2 pL of solution
impregnated into 0.1 g KBr; then, the impregnated KBr was
compressed into a pellet using the FTIR sample preparation
tool. Subsequently, the pellets were used to measure infrared
spectra ranging from 400 to 4000 cm~ ' with a scan number of
20 and a resolution of 4 em™".

The removal of MB by PLI processing is complicated and
depends on the plasma operating parameters and configuration
of the plasma system, e.g., treatment time, initial MB concen-
tration, Ar flow rate, stirring solution, and distance between the
plasma jet source and liquid surface. To facilitate the evaluation
of these factors on MB removal efficiency by PLI processing,
a model with these factors as input variables was used to predict
MB removal efficiency. Design-Expert software (version 12) with
Box-Behnken design was used to determine and evaluate
compatible models. Consequently, the magnitude of the effect
of these factors can be represented by the model's coefficients,
suggesting optimized conditions and the design of a large-scale
PLI system for MB removal.

3 Results and discussion
3.1 Physical properties of the Ar plasma jet

3.1.1. Electrical analysis of plasma discharge. A source of
a cold plasma jet using a gliding arc configuration was driven by
a 50 Hz pulse voltage supply, as shown in Fig. 2(a). The power
supply generated a sinusoidal-like voltage waveform in the no-
load mode, where the plasma jet reactor was not connected to
a high-voltage line. However, there were significant changes in
the voltage waveform during plasma jet production, both in
loading mode and interacting mode, i.e., the waveform transi-
tioned from sinusoidal-like to pulsed waveforms. The behavior
of the voltage waveform during gliding arc plasma operation
was also reported by Matyakubov et al.** Fig. 2(b) shows that the
current discharges exhibited negligible changes between the
load and interaction modes. This phenomenon can be
explained by the fact that the MB solution behaves similarly to
a dielectric surface. Therefore, the floating ground electrode of
the MB solution was weak, resulting in insignificant changes in
the current discharge waveform.** Consequently, the electrical
properties of the plasma jet remained stable and consistent
during plasma treatment. To support this statement, the
evolution of the discharge power is plotted, as depicted in
Fig. 2(c), indicating that the discharge power changed negligibly
during plasma treatment with a discharge power of approxi-
mately 2.9 W.

3.1.2. Optical emission spectra of the plasma jet. The
optical emission spectra of the Ar plasma jet during interaction
with an ambient atmosphere or MB solution were analyzed in
wavelengths ranging from 200 to 650 nm, as shown in Fig. 3.
These spectra were recorded by applying an optical emission
spectrometer (Ocean Optics, Maya 2000 Pro, USA) with the angle
of the center axes between the optical fiber tip and the plasma
jet being approximately 70°.

Fig. 3(a) illustrates that typical spectra are similar to those of
Ar plasma interacting with the ambient atmosphere or MB
solution (10 mg L™"). Particularly, the spectra consisted of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strong lines of nitrogen in the second positive system (C’IT,, —
B’II,) and N," in the first negative system (B°S," — X’Z,"), NO
emission lines in the range of 200-280 nm (A*’2" — X°II), and
Ar emissions were presented in the zoom in the spectra in
a wavelength ranging from 545 to 615 nm, as shown in Fig. 3(c).
Furthermore, in the previous report, Ar emission was unclearly
identified in the range of 545-615 nm with an Ar plasma jet
generated by the dielectric barrier discharge (DBD).** OH peaks
overlap with N, peaks at 296 and 308 nm. Emissions of Ar in the
range 700-850 nm and O at 777 nm are also observed with the
Ar plasma jet.*®*** In comparison, emission intensities under the
Ar plasma jet interacted with the ambient atmosphere or MB
solution, and the intensity of all lines decreased when the Ar
plasma jet interacted with the MB solution. Fig. 3(b) illustrates
that the group peaks of N, at 380 nm are observed for both
spectra; consequently, the vibrational temperature can be
determined by the heads of the N, bands in the 380 nm region
using a temperature calculation tool of the Spectrum Analyzer
(version 1.97).*° Consequently, the vibrational temperature of
the Ar plasma jet was 1423 + 26 K and 1392 + 15 K (average of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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three spectra) for interaction with the ambient atmosphere and
the MB solution, respectively. The analysis of the optical emis-
sion spectra indicated that the Ar plasma jet consisted of several
reactive species, such as photons, energetic electrons, ions, and
excited species, such as O, O,~, OH, Ar*, Ar', Ar"™ (metastable
Ar), N;, and N,"'. The vibrational temperature of N, in the Ar
plasma jet was around 1400 K, while the temperature of the Ar
plasma jet was not larger than 313 K (=40 °C; plasma jet
temperature).

3.2 Effects of processing parameters on MB removal

Chemical reactions by a PLI process can occur from the inter-
face to the inside bulk liquid,** i.e. plasma interacts with the
surface liquid and results directly in chemical reactions in the
thin layer of the interface; consequently, reactive chemical
species and other chemical products are formed. Since there are
high concentrations in the interface, these chemicals diffuse
into the bulk liquid solution and initiate reactions. In the
opposite direction, owing to the consumption of chemical
reactants in the interface, the concentration of the reactants in
the bulk liquid is higher than that in the interface, consequently
diffusing the reactants from the bulk solution to the interface to
sustain the chemical reactions. Based on the behavior of PLI,
the removal of MB inside the solution depends on the stirring
solution, initial MB concentration, interaction time, gas injec-
tion, flow rate of plasma gas, and distance from the exit nozzle
to the surface solution. Consequently, in this section, the
removal efficiency of MB as a function of these input parame-
ters is examined and discussed.

3.2.1. Effects of stirring the solution. Fig. 4 illustrates the
effect of stirring the solution on the removal efficiency of MB.
The results indicate that the MB removal efficiency increases as
the stirring speed increases from 50 to 250 rpm. The interaction
area between the plasma jet and the liquid is smaller than the
liquid surface area, as shown in Fig. 1(d). Nevertheless, the MB
concentration decreases with time owing to the PLI. This
reduction results from the diffusion of reactants from the bulk
liquid into the interaction area and reactive species generated
by PLI diffuse from the interaction area into the bulk liquid.
Consequently, chemical reactions facilitate MB removal. Stir-
ring enhances the diffusion of chemicals, as well as O, and N,
in the MB solution during PLI, thus improving the removal
process. Based on this behavior of MB removal by PLI, stirring
the solution increases the MB removal efficiency. However,
stirring beyond the stirring range can result in a turbulent
liquid state, reducing the MB removal efficiency owing to
a decrease in the PLI area.

3.2.2. Effects of concentration and interaction time. The
dependence of MB removal efficiency on the initial MB
concentration and interaction time was examined under
varying concentrations from 5 to 20 mg L™ conjugated with an
interaction time of 10-50 min, as shown in Fig. 5. This figure
indicates that removal efficiency increased with the interaction
time. In contrast, it decreased with an increase in concentration
from 5 to 20 mg L™'. An increase in MB removal efficiency
resulted from more oxidants being produced owing to the

RSC Adv, 2025, 15, 14756-14766 | 14759
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longer interaction time. Huang et al.*” measured the concen-
tration of oxidants during MB solution treatment with plasma.
They indicated that the concentration of oxidants increased
significantly with treatment time from 0 to 40 min and that high
concentrations of oxidants led to high MB degradation. The
tendency of the initial MB concentration effect on the removal
efficiency of MB is linear with increasing amounts of MB in the
feed. Interestingly, with interaction time = 40 min, the removal
efficiency slightly depended on concentration, ie., almost
removal efficiency of at least 95% under those conditions. In
summary, the removal efficiency strongly depends on the initial
MB concentration and treatment time.

3.2.3. Effects of distance and Ar flow rate on MB removal.
The physical properties of the plasma jet strongly depend on the
gas flow rate and distance from the nozzle exit,*® such as the
temperature of the plasma jet,* current emissions of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MB removal efficiency (d = 10 mm; Ar flow rate = 3.5 L min™%; stirring
speed = 150 rpm).

plasma jet,** and length of the plasma jet,** suggesting that PLI
for MB removal depends on the Ar flow rate and distance from
the exit nozzle to the surface solution. Fig. 6 illustrates the
removal efficiency of MB as a function of the Ar flow rate and the
distance from the nozzle exit. The results show that removal
efficiency decreases as the distance increases from 10 to 20 mm,
while it increases as the Ar flow rate increases from 2.5 to 4.5
L min~'. The decrease in efficiency with distance can be
explained by a decrease in the velocity, charge and electron
density of the plasma bullet at a longer distance from the nozzle
exit. Wu et al.®® examined the dependence of plasma bullet
velocity on the distance from the nozzle exit for the He plasma
jet; the results showed that the velocity of the plasma bullet
linearly decreased as the distance increased from 10 to 80 mm.
There is a significant decrease in the intensity of the optical
emission of species in a long-distance plasma plume, such as
excited He, N,, N,", O, and OH species.’® Moreover, Oh et al.>?
demonstrated that the total net charge and density (absolute
value) of the He plasma bullet decreased with distance. In the
case of the flow rate, the increase in the removal efficiency of
MB with a higher flow rate resulted from the longer plasma with
an increased Ar gas velocity. This can be explained by the fact
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Fig. 6 Effect of distance conjugated with Ar flow rate on the MB
removal efficiency (initial MB concentration = 10 mg L™; interactive
time = 30 min; stirring speed = 150 rpm).
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that with a high gas velocity, more energetic electrons and
reactivated species entered the interface,* resulting in more MB
conversion.

3.2.4. Effects of injecting gases. There are more reactive
oxygen species that can be formed during the plasma jet
interaction with oxygen molecules;* consequently, this results
in more MB molecules undergoing oxidation. In this section,
the effect of air/O, aeration inside the solution on MB removal
efficiency was examined as the interaction time increased from
10 to 50 min. The results are illustrated in Fig. 7. This figure
shows that the MB removal efficiency with air/O, aeration was
higher than that with no aeration. However, the effectiveness of
aeration decreased with interaction time, and the gas order is
none < air < O,. In other words, with time treatment = 40 min,
there is no need for gas aeration. The increase in MB removal
efficiency due to gas aeration can be explained by gas bubbles
created inside the MB solution. During the PLI process, more
oxygen species are formed on the interface of the bubbles; the
greater effectiveness of O, aeration compared to air aeration
also supports this hypothesis: O, flow consists of 99.99%
oxygen, while air flow has only 21% oxygen. In this experiment,
the MB solution was artificial dye waste, with MB dissolved in
pure water. Consequently, the MB solution became saturated
with O, through the diffusion of O, in the atmosphere into the
MB solution when it was exposed to the surrounding ambiance.
This provides a reasonable explanation for a slight increase
from 2 to 5% in removal efficiency with air/O, aeration. Overall,
the plasma treatment still achieved high removal efficiencies of
MB without air/O, aeration; regarding the economic efficiency
of the process, air/O, aeration is not necessary with the artificial
dye waste solution.

3.3 Optimizing input parameters for processing

As observed in the results above, the removal of MB by PLI
treatment has a complicated dependence on input parameters,
such as stirring (S), interaction time (7), distance between the
liquid surface and the plasma jet source (D), initial MB
concentration (C), and Ar flow rate (F). To evaluate the variation
in these factors in the removal efficiency of MB by the PLI

— T ] T T T
S =
2 w0 _
5 - J
S, 80— |
o |
g 70 ]
‘© | None -
E 60 | —O— Air 1
® 7 =0, 7
> _ -
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Fig. 7 Effect of air/O, aeration into the MB solution on the MB
removal efficiency (d = 10 mm; initial MB concentration = 10 mg L™%;
stirring speed = 150 rpm; flow rate of air/O, = 1.6 L min™Y).
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Table 1 Variables and their properties for the quadratic model

Name Code Units Type Changes Std. dev. Low High
Stirring speed N rpm Independent variables Easy 0 200
Distance between the nozzle exit and D cm Easy 1 2
liquid surface

Interaction time T min Easy 10 50
Initial MB concentration c mgL~" Easy 5 15
Ar flow F L min~" Easy 2.5 4.5
Removal efficiency R % Observed variable 5.8 29.3 99.8

treatment, a quadratic model of these factors (independent
variables) for predicting MB removal efficiency (the observed
variable) was carried out using a Box-Behnken design. In brief,
the independent variables were the five factors listed above,
with MB removal efficiency as the observed variable, as shown
in Table 1. Estimating coefficients and analysing the quadratic
model were carried out using Design-Expert software (version
12). The input experimental data are presented in Table S1 in
the ESI.T Furthermore, the results of the ANOVA analysis for the
quadratic model are presented in the ESL}

Consequently, the removal efficiency of MB by PLI can be
estimated using the coded quadratic equation (eqn (3)). The
quadratic equation is significant in describing the variation in
MB removal efficiency by PLI treatment. In fact, the correlative
experimental data compared with the predicted data by the
model are presented in Fig. 8. The fit of the model resulted in R
= 0.9493, adjusted R*> = 0.9336 and predicted R* = 0.9099. This
means that 90% of the variation in MB removal efficiency can be
explained by these independent variables using eqn (3). The
remaining variation in MB removal efficiency (~10%) can be
accounted for by other factors that are not included in the
model, such as varying discharge power (see Fig. 2(c)), ambient
temperature, and atmospheric humidity.

120

100 Predicted R? = 0.9099

[e}
o

(o))
o

H
o

Predicted Data
|

Removal Efficiency

293 99.8

20 |

| | | | | | \
0 20 40 60 80 100 120

Experimental Data

Fig. 8 Correlative experimental data with the predicted data using the
quadratic model.
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R=283.61 +5.885 — 7.84D + 27.49T — 9.58C + 12.01F + 7.22SD
+2.33ST + 5.185C — 0.7250SF + 3.48DT
— 2.28DC — 2.58DF + 6.06TC — 2.76TF
+ 1.72CF — 3.84S% — 1.24D* — 13.06T*
+3.58C7 — 8.31F, (3)

where S, D, T, C, and F are coded, representing the above
independent variables, with values in the range of [-1, 1]. A
value of —1 represents the low level of the variables, while +1
represents the high level, as shown in Table 1.

Since the linear equation (eqn (4)) for the process has a pre-
dicted R* of 0.7875, with only a small difference (0.1224)
compared to the quadratic equation (predicted R* = 0.9099), the
first-order coefficients of the model were used for a comparison
between these factors affecting the MB removal efficiency.
Consequently, according to these coefficients, stirring (S),
interaction time (7, time treatment), and Ar flow rate (F) factors
have positive effects. In contrast, the distance between the
nozzle exit and the liquid surface (D) and the initial concen-
tration (C) negatively affect MB removal efficiency. Using the
standard unit of S, D, T, C, and F as 100 rpm, 0.5 cm, 20 min,
5mg L', and 1 L min~ ", respectively, the order of the effective
factors on MB removal efficiency was T>F> C>D > S (27.49 >
12.01 > 9.58 > 7.84 > 5.88). In other words, the three plasma
operating parameters are interaction time, Ar flow rate, and
initial MB concentration, which strongly affect the MB removal
efficiency. For the plasma system configuration factors, such as
the distance and stirring of the solution, MB removal efficiency
can potentially be enhanced, ie., stirring at 150 rpm and
a distance of 10 mm are recommended settings. In summary,
the quadratic model analysis of the five factors confirmed the
impact of these factors on the MB removal efficiency. Almost all
changes in MB removal efficiency can be explained by the five
factors; specifically, at least 90% of MB removal efficiency was
described using eqn (3). Interestingly, based on the comparison
of the first-order coefficients of the model, the magnitude and
tendency of each factor's effect can be easily determined and
evaluated for MB removal efficiency by PLI treatment.

R =75.0977 + 5.88S — 7.84D + 27.49T —9.58C + 12.01F. (4)

In summary, after 50 min of the PLI treatment, about 99.0%
of the initial MB (=20 mg L ') can be degraded, with an energy
efficiency of 82.76 mg MB per kW per h or an energy
consumption of 241.67 kW h m~>. Compared with MB degra-
dation by the flat DBD,* the energy efficiency of the Ar plasma

© 2025 The Author(s). Published by the Royal Society of Chemistry
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jet is higher than that of the flat DBD, which was obtained at
46.7 mg MB per kW per h. Pereira et al.>* treated the removal of
5 mg MB per L (volume: 50 mL) using a TiO, P25 photocatalyst
with a UV source at 365 nm and a power consumption of 11 W
within 30 min of exposing the sample to UV radiation. Conse-
quently, the energy efficiency of the photocatalytic method is
estimated to be 45.5 mg MB per kW per h (110 kW h m?). Here,
it should be noted that when the photocatalytic process uses
sunlight for treatment, no electric energy is consumed. The
decomposition of methylene blue by electrochemical oxidation
was reported by Teng et al.>® The energy consumption is 21.35
kW h m ™2 with an initial MB of 10 mg L, corresponding to an
energy efficiency of 468 mg MB per kW per h. Compared to the
above methods for MB decomposition, PLI has comparable
energy efficiency or energy consumption; however, achieving
a large area of PLI using a plasma jet configuration is
a challenge.

3.4 Reaction underlying MB removal by PLI treatment

The destruction of MB by the Ar plasma jet process can be
divided into three zones, as shown in Table 2. First, there is the
discharge zone, where electron impact reactions occur by
(R1)-(R3) reactions to form energetic electrons, excited Ar
atoms, and metastable Ar.*® Second, in the interaction stage, the
Ar plasma exits the tube orifice into the surrounding ambient
air (gas phase) and then hits the liquid surface (mixture phase).
During the propagation of the Ar plasma jet, the jet interacts
with the surrounding ambient air, consisting mainly of N,, O,,
and H,0g,, and a small amount of CO, (a few hundred ppm).

Table 2 Possible reactions during PLI for MB removal®

View Article Online
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Therefore, with the flow of the Ar plasma jet containing reactive
species, their species interacted with the ground state mole-
cules of the surrounding environment to form other products,
as shown in (R4)-(R14).*> The optical emission spectrum anal-
ysis confirmed that O, O,~, OH, Ar*, Ar*, Ar™, N;, and N, are
formed. Furthermore, O; and NO, are detected as products
during the interaction of the Ar plasma jet (DBD) with the
surrounding ambient air.** At the interface, reactions are added
by the presence of MB and more H,O in the liquid phase,
specifically dissolved chemicals from the gas phase into the
bulk or reaction with H,O (R15) and (R16). In the case of MB
molecules on the liquid surface, there can be a collision
between MB molecules and the reactive species generated by
the Ar plasma to break down MB molecules into light molecules
and short carbon chains (R17). The treated MB solution was
analyzed by FTIR and compared with the literature survey to
determine possible reactions for breaking MB and the bulk
liquid stage.

Fig. 9 shows the FTIR spectra of the original MB solution and
MB solutions treated with plasma for 10, 30, and 50 minutes.
The broad bands around 3460 ecm™"' in the untreated MB
sample correspond to O-H stretching vibrations from water in
the sample.”®*” However, it overlapped with the -NH, peak
(3415 cm™') in the treated MB samples, indicating that the N-
CH; bond was dissociated to form -NH, by energetic electrons
and oxidants ("OH, Os).*” The group peaks in the range of 2900-
3000 cm ™" were assigned to C-H stretching vibrations from -
CH; methyl groups and CH in the aromatic ring for all typical
samples. Group peaks from 1390 to 1620 were attributed to the

Region/phase Reaction
Discharge zone (gas phase) Ar+e — Ar*+e R1
Ar+e - Ar'+e+e R2
Ar+e — A +e R3
Interaction Air (gas phase) O, +e = 0, R4
0, +e/M — 20 + e/M R5
O+0,+eM— O3 +e/M R6
N, + e¢/M—N; +e/M R7
N, +e/M— N," + e + e/M RS
0, + N, + e/M— 2NO + e/M R9
0, + %NZ + e/M— NO, + e/M R10
O + NO +e/M — NO, + e/M R11
H,O + e/M — H,0* + e/M R12
H,O0 +e/M — OH + H + e/M R13
H,O0 + O +e/M— OH + OH + /M R14
Interface (mixture phase) H,0 + O + e/M— H,0, + e/M R15
2NO, + H,O — 2H" + NO; ™ + NO,~ R16
(CH;),N-R*-NH, + /M + O/OH/O; — H,N-RO-NH, + HCHO + products R17
Bulk liquid (liquid phase) (CH;),N-R'-N(CHj3), + OH/O3 — H,N-RO-NH, + HCHO + products R18
(CH3),N-RO-N(CHj3;), + OH/O; — products + C;HsNS + single ring structure R19
Products/C,H;NS/single ring structure + OH/O; — NO;~ + SO,>~ + CO, +H,0 + products R20

“ M represents excited molecules, Ar metastable, and ions; (CH;),N-R'-N(CHj3), represents the cation part of the MB structure (C;cH;5CIN;S).*

: @@ﬁl\
cr
N 7
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Fig. 9 FTIR spectra of MB and MB treated with plasma with interaction times of 10, 30, and 50 min.

vibrations of aromatic ring structures in MB molecules.”® A
comparison between the original MB and the 50 minute treated
MB solution (showing over 90% MB degradation), displayed in
the inset figure, reveals a significant decrease in peak intensi-
ties. Notably, the peak at 1490 cm ' is absent in the treated MB
samples. This demonstrates that plasma treatment led to
changes in the aromatic ring structures of MB molecules,
breaking chemical bonds to form lighter molecules. For
example, benzothiazole (C;H;NS) and N-(4-nitrophenyl)buta-
namide can be produced during plasma treatment of the MB
solution.””*® Furthermore, the pH of the treated solution
(measured with pH indicator paper) decreased with treatment
time. The pH after 50 min of treatment was in the range of 5-6.
This result agreed with a previous report.*” H,O, CO,, Cl—,
NO; ", and SO,*>~ were the final products of the MB solution
treated with air plasma. Overall, the reactions decomposing MB
into smaller molecules using atmospheric-pressure DBD
plasma, as introduced by Huang et al.,” are suitable for
removing MB by the Ar plasma jet, as shown in (R18)-(R20),
which is adapted from this reference.

4 Conclusions

The removal of MB in the artificial wastewater was achieved
through a PLI, which was created by the cold Ar plasma jet
interacting with the solution. The PLI for MB removal strongly
depended on the input parameters. Specifically, the MB removal
efficiency increased with a higher Ar flow rate, longer interac-
tion time (treatment time), and stirring of the MB solution.
However, increasing the distance from the nozzle exit to the
liquid surface and higher initial MB concentrations led to
a decrease in MB removal efficiency. The effects of the input
parameters on MB removal efficiency were complicated. To

14764 | RSC Adv, 2025, 15, 14756-14766

compare the magnitude of the effect of the above factors, MB
removal efficiency was modeled as a quadratic equation of these
factors, and the coefficients of the model were estimated with
a Box-Behnken design and Design-Expert software. The model
showed good agreement in predicting MB removal efficiency
with the input parameters. Moreover, the first-order coefficients
represented the magnitude of each factor's effect in the
following order: treatment time > Ar flow rate > initial MB
concentration > distance from nozzle exit to liquid surface >
stirring solution. This result is meaningful for optimizing the
plasma configuration and operating parameters for MB removal
through PLI. For instance, to reduce treatment time while
achieving high MB removal efficiency, the plasma system
requires a large plasma exposure area.
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