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Abstract: The production of plasma activated water (PAW) enriched with reactive

oxygen and nitrogen species (RONS) is a prerequisite for high-efficient application of
PAW in chemical fields. To address the limitations of conventional single-electrode
PAW systems, this study innovatively designs a dual-electrode structure consisting of
an upper - liquid electrode and a submerged electrode to effectively compensate for the
low mass - transfer efficiency of the upper - liquid discharge mode and the instability
of the products in the under - liquid discharge mode, thereby improving the discharge
stability. The upper - liquid electrode adopts a four - needle T - shaped structure to adapt
to the turbulent liquid surface, while the submerged electrode is covered in a quartz
tube to ensure stable plasma discharge. Optimized at 171 ¥ (input voltage), 0.019
mol/L NaCl, and 30 min, the system achieves nonlinear RONS generation (172.11, 5.11,
3.25 and 0.81 pumol/L for NO,, NO;, H:0, and Os, respectively). The total energy
consumption is 145.9 J, and the energy efficiency reaches 10.74 g/(KWxh). The device
performance of the PAW generator is satisfactory, with temperature fluctuations
confined to 7.67-8.33 °C, a final pH of 3.07, and a production volume of 2.4 L out of
a rated capacity of 3 L. These results underscore the potential of this design to establish
a foundation for highly effective, low-energy PAW production across industrial

applications.

Keywords: Plasma activated water; Dual-electrode configuration; Reactive oxygen

and nitrogen species (RONS); Energy efficiency; Process optimization.



1 Introduction

Plasma-activated water (PAW), produced through atmospheric pressure plasma,
has shown remarkable efficacy in bacterial inactivation and growth suppression,
making it highly suitable for applications in biomedical fields!"> 2], food sterilization ),
and agricultural modification!® 3!, The growing interest in PAW stems from its ability
to generate various reactive oxygen and nitrogen species (RONS) through plasma—
liquid interactions, making it an environmentally friendly alternative to traditional
chemical treatments!®). The concentration of RONS in PAW is a critical determinant of
its sterilization efficacy. Reactive oxygen species (ROS), suchas H,0,, OH -, and O3,
are capable of oxidatively disrupting bacterial cell walls and membranes, leading to

cellular inactivation!’-*!

. Similarly, reactive nitrogen species (RNS), such as NO,,
NO3 and ONOOH, contribute to bacterial inactivation by lowering the pH of the
solution, creating an acidic environment unfavorable for microbial growth!™). Therefore,
increasing the concentration of RONS is essential for enhancing the sterilization
effectiveness of PAW.

At present, the generation of PAW typically involves various plasma discharge
configurations, including Atmospheric Pressure Plasma Jet (APPJ), Dielectric Barrier
Discharge (DBD), Gliding Arc Discharge, Pulsed Corona Discharge and Pin-to-Liquid
systems!'%!. Considering the ease of use and the ability to generate RONS in PAW, the
most commonly utilized configurations focus on the following two systems. The first
one employs gas-phase discharge techniques, such as DBD!! 121 and APPJ!3: 141 to
generate reactive species at the liquid surface. These species subsequently transfer into
the water through gas—liquid mass transfer and the desired RONS are formed through
a series of chemical reactions in the solution. However, the low efficiency of gas—liquid
mass transfer and the instability of reactive species in aqueous environments

[14.151 The second approach

significantly restrict their practical application efficiency
involves implementing direct discharge within the liquid medium, where various forms
of internal discharge can generate different types and concentrations of RONS. This

method could enhance the mass transfer efficiency of active particles to some extent.



MEDVECKA et al. (2022)* demonstrated that the application of corona discharge
inside a liquid resulted in significantly higher H,0, concentrations than surface
discharge at the gas/liquid interface. However, this method yielded very low
concentrations of NO, and NO3, which led to an increase in the pH of the liquid and
subsequently diminished the sterilization effectiveness. Wong et al., (2023)!%! clarified
that adjusting the distance between the plasma jet and the liquid surface only affected
the concentration of H,0,, with little impact on RNS species. Dhaliwal et al., (2024)!17]
discovered that when the PAW generator was placed under the liquid for discharge, the
concentrations of all RONS decreased to relatively low levels. Therefore, neither of
these primary methods could produce PAW with high concentrations and multiple
reactive species simultaneously. This limitation underscored the importance and
urgency of seeking a method to substantially enhance the generation of RONS,
presenting a compelling practical challenge.

Energy efficiency in PAW generation has become a critical focus area, with
researchers exploring various strategies to optimize the process. The use of dual-
electrode configurations has shown promise in enhancing plasma stability and
increasing reactive species production!'®!. Additionally, the introduction of turbulence
in the liquid phase has been found to improve mass transfer and reaction kinetics!'”).
Man et al., (2022)1”) indicated that the introduction of bubbles could significantly
enhance both the concentration of RONS and the production efficiency. Rathore et al.,
(2023)121 further confirmed that PAW systems equipped with bubble generators
performed in a turbulent liquid state and resulted in an improved RONS concentration.
Moreover, compared with stirring-induced turbulence, bubble-induced turbulence more
effectively increased the concentration of reactive species. However, it was also
observed that the microbubbles induced only localized liquid fluctuations within the
container and failed to fully exploit their potential in enhancing the mass transfer of
active particles through changes in liquid dynamics!??). A close correlation might exist
between bubble size and its impact on PAW production efficiency. Despite these
advances, more efficient and scalable PAW generation systems are needed. The
optimization of process parameters and the development of novel electrode
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configurations were essential for improving PAW production efficiency?’].
Furthermore, the relationship between operational parameters and PAW properties
needed to be better understood to enable precise control of PAW characteristics for
specific applications.

This study aimed to design a novel dual - electrode coupled PAW generator to
address the issue of insufficient concentrations of RONS in PAW. The system combined
the characteristics of enhanced turbulence and dual - electrode hybrid discharge to
effectively promote the generation, diffusion, and dissolution of reactive species, thus
significantly increasing the yield of RONS. Response surface methodology (RSM) was
employed to optimize key operational parameters influencing the generation efficiency
and characteristics of PAW. The synergistic combination of the dual-electrode design
and optimized parameters was anticipated to amplify bubble size to the centimeter scale
and enhance PAW production capacity, laying a certain foundation for the

industrialization of PAW production.

2 Materials and methods

2.1 Chemicals and materials

The reagents used in this study are as follows: sulfonamide (AR, Suzhou Great
Pharmaceutical Technology Co., Ltd., China); N-(1-naphthyl) ethylenediamine,
dihydrochloride (AR, Sinopharm Chemical Reagent Co., Ltd., China); disodium
hydrogen phosphate (CP, Shanghai Macklin Biochemical Technology Co., Ltd., China);
sodium indigo disulfonate (AR, Shanghai Merrier Biochemical Technology Co., Ltd.,
China); phosphoric acid, sodium nitrite and lithium nitrate (AR, Shanghai Titan
Scientific Co., Ltd., China).
2.2 Dual-electrode coupled PAW generation system

The PAW generation system used in this study was a self-designed apparatus as
depicted in Fig.1, comprising a high-voltage alternating current power supply (1) (CTP-
2000 K, Nanjing Suman Plasma Technology Co., Ltd., China), a plasma-activated water
generator (4), a gas valve (5) (AR 2000, Yangzhou Zhuohui Automation Equipment Co.,
Ltd., China) and an air compression pump (6) (OTS-550, Taizhou Outus Industry and



Trade Co., Ltd., China). Real-time monitoring of the voltage and current was performed
and the results were recorded with an oscilloscope (2) (TDS3034C, Tektronix, USA).
An air compressor was utilized to supply the gas necessary for plasma generation. The
rated airflow of the compressor was 40 L/min, whereas the gas flow was regulated at
5 L/min through a gas valve.

The dual-electrode coupled PAW generator was composed of a large beaker (7), a
self-designed insulating cover (8), a dual-electrode configuration with an upper liquid
electrode (15) and a submerged electrode (13-14), and an additional electrode (12) for
a unilateral discharge test. The beaker (7) was made of borosilicate glass, with a rated
capacity of 3 L, and the volume of PAW prepared was 2.4 L every batch. The double
electrodes (13-15) and the unilateral test electrode (12) were made of stainless steel,
and the burrs on the surface were removed. The top of the beaker was covered with a
self-designed insulating cover (8) made of polypropylene and polytetrafluoroethylene,
which could effectively isolate the external environment and prevent gas leakage.

Above the insulating cover, there were air outlets (9), air inlets (10) and water inlets

and outlets (11) with diameters of 8, 8, and 12 mm, respectively, were used to control

the flow of gas and liquid.
2.3 PAW generation process

The generation process of PAW using a dual-electrode configuration was outlined
as below. First, 2.4 L of deionized water containing a certain concentration of NaCl was
poured into a borosilicate glass beaker, connecting the high-voltage line to the
submerged electrode (13-14) and the low-voltage line to the above-liquid electrode (15).
Then, activate the air compressor (6) and adjust the gas flow rate to 5 L/min by using
a gas valve (5). Next, switch on the high-voltage AC equipment (1), set the input voltage
at 125/175/225 V, and fine-tune the output frequency knob. When plasma was
generated at both electrodes, start timing immediately. Monitoring the temperature and
pH values during the process every 5 min. When the preset time (10, 20, 30 min) was
reached, turn off the power supply (1) and air compression pump (6). Afterward, the

concentrations of RONS were determined immediately.



The generation process of PAW merely with a submerged electrode (13-14) was
similar to that of PAW with dual-electrode. Only the low-voltage line needed to be
connected to the unilateral test electrode (12).

2.4 Detection of RONS concentration of PAW

In this study, the types of RONS measured were NO3, NO,, H,0,, and O,
respectively. The measurements relied mainly on ultraviolet spectrophotometry (UV-
1800, Shimadzu Corporation, Japan) and related chemical reagents. The specific
measurement methods were as follows.

NO3: The concentration of NOj; was measured via the methods described by
Zhang et al., (2024)1* and Rathore et al., (2021)%! with slight modifications. First, the
LiNO3 standard solutions were prepared at concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0
mg /L, respectively. The absorbance at each concentration was subsequently measured
at a wavelength of 220 nm to plot a standard curve. Afterward, the sample solution
was appropriately diluted, and its absorbance was measured via the same method.
Finally, the concentration of NOj3 in the sample was calculated on the basis of the
established standard curve, and the dilution factor was considered.

NO; : The concentration of NO, was measured via the method described by
Mustapha et al., (2024)2% with slight modifications. First, prepare a color reagent
capable of reacting with nitrite to form a pink azo dye, which exhibited peak absorbance
at 540 nm. Dissolve 40 g of sulfanilamide in a mixture of 100 ml phosphoric acid
and 500 ml water. Add 2 g of N-(1-naphthyl) ethylenediamine dihydrochloride, and
dilute the solution to a total volume of 1000 ml. Subsequently, prepare NaNO,
standard solutions at concentrations of 0.02, 0.05, 0.1, 0.15, and 0.2 mg/L,
respectively, and react with the color reagent. Measure the absorbance at 540 nm to
construct a standard curve. Afterward, the sample solution was appropriately diluted
and its absorbance was measured using the same method. The nitrogen concentration
in the sample was calculated on the basis of the standard curve and dilution factor, and
then the concentration of NO, in the sample was obtained by multiplying this value
by a factor of 3.29.

H,0,: The hydrogen peroxide detection kit (Wuhu Jing Biological Technology Co.,
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Ltd., China) was used for measurement. Immediately after the preparation of PAW,
hydrogen peroxide was determined in accordance with the kit instructions, and its
concentration was determined via the colorimetric method.

0;: The concentration of O; was measured via the method described by Perinban
et al., (2022)" with slight modifications. The indigo-phosphate reagent solution was
prepared by dissolving 0.075 g of indigo disulfonate sodium and 0.2 ml of phosphate
buffer solution in deionized water, followed by dilution to a final volume of 150 ml.
Subsequently, 1.0 ml of this reagent and 5.0 ml of phosphoric acid buffer solution
(pH 2.0) were added to both the sample solution and deionized water, and the
absorbance was measured at a wavelength of 610 nm. The O3 concentration in the
sample solution was calculated via Equation (1).

_ (Ap—A;) x25x10°
B eXbx5

x 0.048 (1)

where, p was the mass concentration of ozone, mg/L; Ao and A; were the
absorbances of deionized water and sample solution after adding the indigo-phosphoric

acid reagent, respectively; € was the molar absorptivity of the sodium indigo disulfonate

solution, 2x10* L /(mol x cm); b was the thickness of the cuvette, 1 cm.

2.5 Real-time monitoring of temperature and pH

Real-time monitoring of the temperature and pH during the preparation process of
PAW was conducted and recorded every 5 min using a thermometer (TM - 902 C,
Xinghua Jiuzhou Electric Heating Instrument Co., Ltd, China) and a pH meter (CT -
6021 A, Shenzhen Kedia Electronics Co., Ltd, China), respectively.
2.6 Response surface optimization experimental method

In this study, the treatment time, input voltage and NaCl content (initial
conductivity) were selected as independent variables, whereas the concentrations of
NO,,NO3;",H,0, and O3 were designated as response variables for the response
surface experiments. Preliminary experiments were conducted to establish the
experimental range of each factor, as detailed in Table 1. The experimental design was

implemented using the Box-Behnken method in Design Expert software. To minimize



bias and mitigate other uncontrollable external sources of variation, the experiments
were randomized. Each set of experiments was repeated three times, and the average
values were recorded.
2.7 Multiresponse variable optimization method

Desirability function analysis was a method that enabled the transformation of
multiresponse parameters into a single-response parameter!?® 21, This approach aimed
to establish uniform coordination of RONS concentrations, thereby ensuring that all
RONS concentrations attained relatively high values. The specific steps were as follows:

Step 1: Calculate the individual desirability function using the Equation (2).

0, Y < A
Y, — A
dt(Yt) = ( ’ t)' A <Y, < U, (2)
Us — Aq
1, Y = U,

where, d;(Y;). Y;+ A; and U, represented the individual expected value, the
response value, and the lower and upper limits of response variable t, respectively. The
maximum and minimum values within the experimental data were identified to

establish the upper and lower limits. The individual expected values of the four
response variables were represented by dy,0,~ dyoy~ dyo; and dp, respectively.

The closer the value approached 1, the more effective the outcome.
Step 2: Calculate the overall desirability using the Equation (3), where the weights

of all types of RONS were the same.

1
D = [dHZOZ X dNOZ_ X dN03_ X d03]4 (3)

where, dy,0,~ dyoy~ dno; and dp, represented the individual desirability

values of the four response variables, and D represented the overall composite
desirability.

Step 3: Discover the optimal combinations of parameters and levels. A higher
composite desirability indicated superior product quality. The D value was used for
estimating the parameter effect and the optimum level of each controllable parameter.

2.8 Energy efficiency calculation



Energy efficiency was calculated following the method of Wang et al., (2018)3
with slight modifications. The total concentration of RONS was quantified as the sum
of the NO;, NO3, O3 and H,0,concentrations, expressed in mg/L. The energy
efficiency for the generation of reactive species was calculated as the ratio of the total
RONS concentration to the average discharge power.

Energy injection:

E= f " x i) dt 0

Discharge power:
P=EXf (5)

Energy efficiency

_ Total of RONS 6
~ P xtx1000 ©)

where, E was the energy injection, J; u(t) was the discharge voltage in volts, V;
i(t) was the discharge current in amperes, A; t was the time in seconds, s; P was the
discharge power, W;fwas the discharge frequency, HZ; EE was the energy efficiency,
g/(KW X h); Total of RONS was the sum of the concentrations of NO;, NO3, O3
and H,0,, mg/L.
2.9 Statistical analysis

All the data were reported as the means + standard deviation from at least three
independent experiments or measurements. One - way analysis of variance was carried
out via SPSS Statistics software, followed by Duncan's multiple - range test. At the 95%
confidence level (p < 0.05), the least significant difference was considered statistically

significant. Graphs were plotted using Origin 8.0 software.

3 Results and discussion

3.1 Configuration and discharge state of the dual-electrode coupled PAW
generator

In this study, a novel dual-electrode PAW generator device is designed, and the
configuration details are illustrated in Fig 1b and 1c. The dual electrodes used are a

submerged electrode (13-14) and an above-liquid electrode (15) respectively. The



submerged electrode is composed of a quartz tube (13) and an electrode (14). The
electrode (14) is further divided into two sections: the upper section with a radius of 7.5
mm, and the lower section, with a radius of 8.25 mm. The surrounding component is
a quartz tube with an outer radius of 8.5 mm. The above - liquid electrode (15) is also
composed of two cylindrical sections: the upper section has a radius of 4 mm, and the
lower section has a radius of 15 mm. Moreover, four needle - shaped electrodes are
evenly distributed on the lower half. Each of these four needle - shaped electrodes is
uniformly composed of a cylinder with a radius of 2.5 mm and a height of 8 mm, and
a cone with a radius of 2.5 mm and a height of 4 mm.

When the PAW generator device was in operation, an IDT Motion Pro Y4-S1 high-
speed camera was employed to capture the entire operational characteristics at a frame
rate of 1000 fps, with the results presented in Fig. 2. Upon activation, air initially entered
the system through the inlet (10). Within the narrow gap between the quartz tube (13)
and electrode (14), the incoming air underwent ionization, resulting in plasma
generation (Fig. 2e). The generated plasma was entrained by the airflow and
encapsulated within large air bubbles, which were subsequently introduced into the
liquid-phase reaction chamber. These centimeter-sized bubbles were abundantly
formed in the liquid medium (Fig. 2a), inducing significant turbulence that effectively
enhanced mass and energy transfer across the gas-liquid interface. This process
promoted the sustained release and diffusion of plasma-generated reactive species into
the aqueous phase (Fig 2b). As the bubbles ascended through the liquid, the reactive
species contained within gradually dissolved into the surrounding medium.
Concurrently, some larger bubbles ruptured during ascent, releasing numerous smaller
secondary bubbles (Fig 2c¢). These secondary bubbles created localized agitation,
further enhancing liquid mixing and facilitating more thorough release and distribution
of reactive species. Fig 2c and 2d depict the surface agitation and internal flow
dynamics of the chamber, respectively. These observations indicate that the entire
reaction system maintained a highly turbulent state under bubble motion, providing
favorable conditions for interactions between plasma-generated species and water.

As shown in Fig. 2c, during the PAW generation process, liquid surface
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fluctuations may cause the needle electrode in the upper liquid region to contact the
water surface, thereby interrupting plasma discharge. To mitigate this issue, four
needle-shaped electrodes were specifically designed to enhance discharge stability and
maintain a continuous needle-to-liquid discharge state (Fig 2f). The discharge
characteristics of the PAW generator were illustrated in Fig 2e and 2f. Submerged
electrodes (13—14) exhibited efficient dielectric barrier discharge (DBD) beneath the
liquid surface, with localized "filamentous" discharge observed at the electrode base.
In contrast, the above-liquid electrode operated in a stable, continuous needle-to-liquid
discharge mode. This dual-electrode configuration ensured consistent discharge
performance throughout the process. Under the synergistic effects of bubble dynamics
and turbulence, the dissolution and reaction kinetics of reactive species in solution were
significantly enhanced. These hydrodynamic conditions facilitated efficient PAW
production by promoting mass transfer across the gas-liquid interface.

3.2 Device performance of the dual-electrode coupled PAW generator

3.2.1 RONS concentration

During PAW production, the generation of RONS represented a critical parameter
for evaluating the performance of PAW device. To verify the superiority of the dual-
electrode hybrid discharge configuration, the RONS generation capacity was compared
between the dual-electrode configuration and a single submerged electrode. Key
indicators included nitrite (N O;), nitrate (NO3 ), hydrogen peroxide (H,0;), and ozone
(03). The PAW preparation parameters were set at 171 V, 0.019 % NacCl for 30 min,
and the results were depicted in Fig. 3.

As shown in Fig. 3, the concentrations of NO,, NO3,H,0, and O3 produced
through single submerged electrode discharge were 46.18 +5.25, 3.73+0.16, 1.99 +
0.28 and 0.29+£0.01 mg/L respectively. In the dual-electrode hybrid discharge mode,
these concentrations increased to 172.11£12.85, 5.11+0.07, 3.254%0.41 and 0.81 &
0.06 mg/L, which corresponded to respective enhancements of 272.71 %, 37.11 %,
63.86 % and 177 % as compared to the single-electrode configuration (Fig. 3). This
phenomenon confirmed that simultaneous discharge above and below the liquid
effectively enhanced the RONS concentrations, which aligned with the findings
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[16,31.32] ‘This enhanced performance was partly attributed

reported in previous studies
to the bubble-assisted turbulence effect generated by the designed discharge structure
during PAW production. When air was introduced into the liquid phase, ionized gas
subsequently entered the liquid alongside with the bubbles. As the bubbles underwent
shrinkage, the internal pressure increased. The existence of ion clouds both inside and
outside the bubbles, coupled with abrupt fluctuations in bubble pressure and ion
concentrations, further amplified this effect. Consequently, the transfer and dissolution

d®3351, Bubble bursting induced mechanical

of reactive species were markedly enhance
agitation and localized heating at the rupture site. This phenomenon propagated rapidly
through the surrounding liquid medium, facilitating chemical reactions and potentially
generating additional active free radicals. This process might also contribute to the
increased RONS concentration*® 371, Additionally, bubbles generated by the self-
designed dual-electrode hybrid discharge configuration in this study attain centimeter-
scale dimensions, inducing a turbulent state throughout the liquid and further
accelerating particle diffusion. In regions characterized by turbulent inertia, particle
collisions with the surrounding fluid occurred more frequently, thereby enhancing the
mass transfer capacity of active particles®®!. Thereby, the performance of the PAW
generator incorporating the dual-electrode hybrid discharge configuration is generally
satisfactory.
3.2.2 Discharge characteristics

Discharge phenomena in liquids typically impose significant demands on the
power supply. To improve energy efficiency and minimize the breakdown voltage, it is
necessary to consider the impedance matching between the PAW generator and the

(20391 As illustrated in Fig. 2e-2f, the generator can achieve a nearly ideal

power supply
dielectric barrier discharge (DBD) mode beneath the liquid, as well as a needle-liquid
discharge state that effectively accommodates turbulent liquids. Notably, both modes
are enabled by a single power supply to achieve the desired outcomes.

Energy consumption is another crucial factor in evaluating the performance of
PAW devices. The terminal voltage and current of the single - submerged - electrode

discharge and dual - electrode hybrid discharge of the PAW generator were measured
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via the P3010 probe and a Tektronix oscilloscope and the waveforms are presented in
Fig. 4. The peak-to-peak voltage for dual-electrode hybrid discharge is 19 kV, with a
frequency of 10 kHz. The discharge current varies periodically between -0.1 A and
0.1 A, remaining stable throughout the process. This results in an energy consumption
of 145.89 | over a duration of 30 min. In contrast, the peak-to-peak voltage for single
submerged electrode discharge is 18.6 kV, with a frequency of 10 kHz. The discharge
current fluctuates between -0.037 A and 0.168 A, resulting in an energy consumption
of 180.55 ] over the same period. In addition, the energy efficiency of single
submerged electrode discharge is 2.50 g/(KW X h) . Surprisingly, the energy
efficiency of dual-electrode hybrid discharge can achieve a remarkable value of 10.74
g/(KW x h), which is regarded as an excellent level. This finding aligns with the
energy efficiency (10.37 g/(KW X h)) of the nanosecond-pulsed microbubble plasma
reactor reported by Man et al., (2022)%. Therefore, the stability of dual-electrode
hybrid discharge is superior to that of single submerged electrode discharge, likely due
to the stronger electric field it generates. This enhanced electric field, in turn,
contributes to improve plasma stability and facilitates more consistent voltage and

current throughout the discharge process.
3.2.3 Real-time monitoring of temperature fluctuations (AT) and pH

During the PAW generation process, the pH value serves as a significant indicator
of RNS species formation, whereas temperature fluctuations play a critical role in
determining the RONS concentration and energy efficiency!*” *!!. Thereby, the AT and
pH values are real-time monitored under 171 V with 0.019 % NaCl for a duration of
30 min and the results are demonstrated in Fig. SA.

Throughout the 30-min discharge period, the temperature change (AT) for both the
single-submerged-electrode and dual-electrode hybrid discharges remain within the
range of 0 - 8.33 °C, showing an approximately linear upward trend. For single-
submerged-electrode discharge, AT significantly risesby 1 -2 °C every 5 min during
30 min discharge. Meanwhile, the dual-electrode hybrid discharge demonstrates a more

stable temperature increment, maintaining approximately 1 °C per 5 min during the



first 15 min process and leveling off at 20 min. This disparity might be related to the
higher energy loss (34.66 J) observed in the single-submerged-electrode mode than in
the dual-electrode hybrid discharge mode. This increased energy loss could reduce the
energy utilization efficiency, consequently affecting the experimental outcomes. In
addition, prolong discharge time to 30 min, the AT disparity between the two discharge
modes gradually decreases and the final AT stabilizes at 7.67 °C to 8.33 °C, which is
lower than that reported in other studies®® #?. This stability of AT might be partially
attributed to the introduction of NaCl, which enhances the solution conductivity. In this
environment, the discharge current distribution becomes more uniform, thereby
reducing localized heating. Furthermore, the liquid turbulence accelerates heat
diffusion, effectively limiting overall heat accumulation. These factors have significant
implications for enhancing the RONS concentration while minimizing energy loss.

Moreover, both the single-submerged-electrode discharge and the dual-electrode
hybrid discharge reduce the pH value of the solutions (Fig. 5A). During the initial
10 min of discharge, the rate of decrease in the pH value for both discharge modes is
relatively slow. To elucidate the underlying causes, the initial discharge images of the
two discharge modes are recorded (Fig. 5B-C). Upon activation of the device, the
submerged electrode could not immediately achieve an optimal discharge state
immediately (Fig. 5C), and this condition had a notable effect on the pH value. After a
discharge period of 30 min, the final pH values observed under the single-submerged-
electrode discharge mode is 3.53 whereas that under the dual-electrode hybrid discharge
mode is 3.07. A similar phenomenon was also observed in the device developed by
Hadinoto K et al., (2023)??! in which the pH value of the solution reached 3.16 after
treatment for 30 min. This result clearly demonstrates that the hybrid discharge mode
exerts a beneficial effect on reducing the pH value.
3.3 Optimization of the process parameters of the dual-electrode coupled PAW

generator

The process parameters of the device utilized in this study are optimized through
the response surface methodology and the desirability function approach. The
concentrations of RONS are measured immediately following the experiments and the
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results are summarized in Table 2. Among the generated RONS, NO, exhibits the
highest concentration, followed by O3, whereas NO; and H,0, show the lowest
concentrations. Furthermore, the final pH values after discharge range among 3.3 &
0.00 to 3.9+0.00, while the temperature fluctuations are observed between 2.5 +0.41
and 11.51£0.41.

The regression model utilized in this study is developed through the stepwise
regression method. The resulting regression equations, expressed in coded units, are
presented in Equations (7-10) respectively, which illustrate the significant relationships
between RONS and each of the contributing factors. In these equations, A, B, and C

represent the voltage, NaCl content, and time, respectively.

NO; =172.11 + 46.57A + 25.58B + 24.92C + 6.56AB + 10.49AC + 10.49BC

7
—47.884% — 45.26B% — 43.95(C? 7)
NO3 = 4.81 + 0.3712A + 0.25B + 1.4C + 0.084B — 0.5175AC + 0.05BC ®)
—0.2471A% — 0.7946B% — 0.6471C?
H,0, = 1.93 — 0.21254 — 0.6B + 0.6625C — 0.125AB — 0.5AC — 0.175BC ©

+0.7083A% + 0.1833B% + 0.4583C?

03 = 0.7433 + 0.0775A — 0.005B + 0.1225C — 0.20254B — 0.0225AC + 0.0175BC
—0.2154A% — 0.1004B% — 0.0604C?

(10)
The F test was used to evaluate the statistical significance of the model. The
analysis of variance (ANOVA) results indicate that all four models are significant at the
95% confidence level (Table S1-4). The assumptions of ANOVA are also validated,
revealing no significant lack of fit for any of the four models. Furthermore, the
determination coefficient (R?), adjustment R?, and prediction R? of NO;, NO3, H,0,
and O3z are (99.84 %; 99.57 %; 99.07 %), (99.39 %; 98.28 %; 94.67 %), (99.39 %;
98.29 %; 96.33 %), and (98.95 %; 97.06 %; 91.95 %) respectively. Therefore, these
factors account for a substantial portion of the variance in the response variables. On
the basis of the F-value from the quadratic regression, the influence factors ranked by
significance (from largest to smallest) are as follows: for NO, concentration, voltage
(A) > NacCl content (B) > time (C); forNO3; and O3 concentration, time (C) > voltage

(A) > NaCl content (B); for H,0, concentration, time (C) > NaCl content (B) >

voltage (A).



The optimized concentration results of RONS are summarized in Table 3 and the
optimal conditions are an input voltage of 171.094 V, NaCl content of 0.018 %, and
treatment time of 30 min. Under these conditions, the yields of NO,, NO3, H,0,
and O; are 143.03, 5.52, 3.22 and 0.80 mg/L respectively. The composite index
calculation yields a desirability (D) value of 0.82, indicating a satisfactory optimization
effect.

To validate the model’s accuracy and simplify the operational procedures, the final
preparation parameters are adjusted to: an input voltage of 171 V, NaCl content of
0.019 %, and treatment time of 30 min. Experimental validation under these conditions
reveals that the concentrations of NO,, NO3, H,0, and O3 are 172.11+12.85,
5.11 £0.07, 3.25 = 0.41 and 0.81 £ 0.06 mg/L respectively (Table 3). These
experimental results closely align with the simulation data, thereby verifying the
reliability of the model.

3.4 Interaction effects among parameters on the RONS yield
3.4.1 NO, concentrations

Contour plots and 3D surface diagrams depicting the interaction effects of the
input voltage, NaCl content, and treatment time on the NO, concentration are shown
in Fig. 6. These visualizations reveal that the interactive effects of these factors exhibit
significantly nonlinear influences on NO; concentration, exhibiting a unimodal trend
where concentrations initially increase and subsequently decrease with increasing
factor levels. In particular, the interactive effect between treatment time and NaCl
content is most pronounced, aligning with the earlier factor ranking (voltage > NaCl
content > time) while highlighting their synergistic contribution to NO, generation.

According to Table 2 and Fig. 6, the NO, concentration gradually increases from
19.944+4.28 mg/L to 172.11£3.80 mg/L with elevating voltage from 125 to 175 V,
and extending treatment time from 10 to 20 min. This phenomenon can be attributed
to enhanced air ionization at higher voltages, generating more reactive particles, while
prolonged treatment time provides sufficient opportunity for these particles to dissolve

into the solution. Conversely, when the input voltage and treatment time reach 225 V



and 30 min respectively, the NO; concentration slightly decreases to 161.61+1.06
mg /L. Combined with the temperature fluctuation data during the PAW process (Table
2), this reduction might be attributed to the temperature increment of 7.5+0.41°C to
9.5+0.41 °C. Studies indicate that gas-liquid temperature differentials influence the
diffusion and dissolution rates of gaseous substances?* > %!, During air ionization,
reactive particles are introduced into the solution through bubbles, resulting in a mixed
aerosol formation. Notably, bubble temperature does not instantaneously equilibrate
with water temperature, reducing gaseous solubility. Furthermore, considering the poor
stability of NO,, an increased solution temperature accelerates the reactions outlined

in Chemical Reaction Equations (1-3) , thereby decreasing the NO; concentration!*"

45, 46]
3NO; +3H* - 2NO~ + NO; + 3H™ (D

NO; + H,0, + HY - HOONO + H,0 - NO3; + H* + H,0 (2)

NO; + 0; - NO3 + 0, (3)

When 0.021 % NaCl is introduced into the system, the concentration of NO, is
generally enhanced. This phenomenon might be ascribed to the increased initial
conductivity of the solution upon NaCl addition, which enhances the electric field
strength and discharge current at the gas-liquid interface, thereby promoting reactive
species formation. Furthermore, plasma interaction with NaCl solution generates
elevated levels of '0, asindicated in Chemical Reaction Equations (4-12)4"%1. These
10, subsequently react with NO to form the short-lived reactive species ONOOH,
which further decomposes into NO, and OH or NO, and H* as reported in
Kugerova K et al., (2020)°%. However, when the NaCl concentration reaches 0.042%,
a noticeable decreasing tendency in NO, concentration occurs. This observation
might be attributed to the low pH environment (pH 3.3£0.00 to 3.940.00) (Table 2)
resulting from the significant increase in NO; production during the early PAW
generation stages. Under such acidic conditions, some CI~ and HCIO would interact
with NO;, leading to a reduction in the overall NO; concentration! 2],

Cl™+0 - Clo~ 4)
Cl”4+ 05 - ClO™ + 0, (5)
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Cl=+2-0H - ClO~ + H,0 (6)

Cl™ + H,0, - ClO~ + H,0 (7)
ClO™ + H,0, - Cl™ + H,0 + 0, (8)
OH + Cl~ - HOCl™™ 9)
HOCl™ —» OH™ + Cl (10)

Cl +Cl™ > Cly (11)

Cly + Hy0, » 2C1™ + 105 + 2H* (12)

3.4.2 NO3 concentrations

Contour plots and 3D surface diagrams depicting the interaction effects of the
input voltage, NaCl content, and treatment time on the NO; concentration are
presented in Fig. 7. Similar to the NO, concentration, these visualizations reveal that
the interactive effects of these factors on the NO; concentration are also nonlinear,
with particularly pronounced interactive effects observed between the treatment time
and voltage.

Combined with the results in Table 2 and Fig. 7, it is evident that the NO3
concentration is significantly lower than the NO, concentration. Notably, the NO3
concentration gradually increases from 1.73 £ 0.03 to 5.52 = 0.028 mg/L with
extending treatment time from 10 to 30 min. Increasing the input voltage also results

in a significant rise in NOj concentration. At the same time, NO; concentration

exhibits an upward trend when the NaCl concentration gradually increases to 0.021 %.

This might be associated with the mitigation of temperature fluctuations during the
initial phase of PAW generation caused by NaCl addition. Conversely, further
increasing the NaCl concentration to 0.042 % leads to a decrease in the NO3
concentration. This trend can be attributed to the interdependent formation pathways of
NO; and NO; (Chemical Reaction Equations 13-18)1?% 4 33 In a low-pH
environment, HCIO and Cl™ may react with NO; %21 reducing NO, availability.
Since NOs™ production partially relies on NO:~ oxidation (Chemical Reaction Equations
16-17), the depletion of NO-~ ultimately leads to a decline in the NOs~ concentration.
2NO,qq + H,0 - NO; + NO3 + 2H* (13)



4NOyqq + 2H,0 + O5qq — 4NO3 + 4H* (14)

NOjqq + OHgqg —» NO3 + H* (15)
NO; + H,0, - NO3 + H,0 (16)
NO3 + 0344 = NO3 + 0,4 (17)
3NO; +3Ht - 2NO~ + NO; + 3H* (18)

3.4.3 H,0;, concentrations

Contour plots and 3D surface diagrams depicting the interaction effects of the
input voltage, NaCl content, and treatment time on the H,0, concentration are
presented in Fig. 8. Similar to the results for the NO; concentration, these
visualizations reveal that the interactive effects of these factors on the H,0,
concentration are also nonlinear, with particularly pronounced interactive effects
observed between the treatment time and voltage.

As the treatment time increases, the concentration of H,0, tendes to increase.
This phenomenon is attributed primarily to the extended duration facilitating greater air
electrolysis, which progressively enhances reactive particle production. These particles
subsequently undergo sequential reactions to form H,0, (Chemical Reaction
Equations 19-32)53% 331, Furthermore, bubble-assisted turbulence technology enhances
reactive particle solubility by increasing the gas-liquid interface contact area and
residence time, providing optimal conditions for dissolution and further

promoting H,0, accumulation.

0+ H,0 - H+ HO, (19)

0, + H,0 - OH + HO, (20)
HO, + HO, — H,0, + 0, (21)
HO, + H,0 - H,0, + OH (22)
H,0 + 0, - H,0, + 0 (23)
HO, + OH —» H,0,+ 0 (24)

e +H,0->-H+-0OH + e~ (25)
e"+0,>0BP)+0'(D)+e” (26)
0'(D) + H,0 - 2-OH (27)



e"+ N, > N, <A3Z+>+e_ (28)

U
N, (A3Z;)+H20 —-OH +-H + N, (29)
UV + H,0 — H,0" (30)
UV + H,0* > H* + OH™ (31)
. OH +- OH - H,0, (32)

As the input voltage increases, the concentration of H,0, first decreases slightly
and then rises gradually. This phenomenon might be ascribed to the fact that, although
the generation rate of key free radicals responsible for H,0, formation (suchas - OH)
increases with higher voltagel®*), some of these free radicals participate in competing
reactions. For instance, Chemical Reaction Equations (33-38) illustrate interactions
between free radicals and other reactive species® 3°l. Nevertheless, as the voltage
continues to increase, the overall generation rate of free radicals accelerates.
Furthermore, bubble-assisted turbulence technology enhances the mass transfer
efficiency of these radicals, thereby promoting their dissolution and subsequent

conversion to H:0, ultimately leading to a significant increase in the H.O:

concentration.
0,+e” - 20 -+e” (33)
0,+ 0 - 03 (34)
OH -+05; - HO, - +0, (35)
03 +-H —--0H + 0, (36)
03 + HO, —»- OH + 20, (37)
-OH + HNO, - NO, + H,0 (38)

As the NaCl content increases, the concentration of H,0, is adversely affected,
leading to its decomposition as demonstrated in Chemical Reaction Equations (39-
41)B71 With a further increase in NaCl concentration, the H,0, concentration reaches
a stabilization state. This phenomenon may be attributed to the positive correlation
between the elevated initial conductivity and discharge intensity, which enhances the
generation of reactive species of H,0,. Consequently, the hydrolysis process of H,0,

is gradually terminated, leading to a stabilization of its concentration.



H,0,+ Cl; - 2Cl"+ H" + HO, (39)
H,0, + Cl; - OH + OH™ + Cl, (40)
Cl+ H,0, - Cl”+H* + HO, (41)
3.4.4 O3 concentrations

Contour plots and 3D surface diagrams depicting the interaction effects of the
input voltage, NaCl content, and treatment time on the O3z concentration are presented
in Fig. 9. Similar to the results of the NO, and NO; concentrations, these
visualizations reveal that the interactive effects of these factors on the O
concentration are also nonlinear, with particularly pronounced interactive effects

observed between the NaCl content and voltage.

As shown in Table 2 and Fig. 9, the O3 concentration increases gradually from

0.17+£0.03 to 0.74+0.04 mg/L in response to both elevated voltage (125 - 175 V) and

increased NaCl content (0 - 0.021 %). However, when the input voltage and NaCl

content reach 225 V and 0.042 %, respectively, the Os; concentration slightly
decreases to 0.28 0.02 mg/L. This decrease might be ascribed to the two following
aspects. One is the reaction between Cl~ and O3, as indicated in Chemical Reaction
Equations (42-43)P7) directly reducing O3 concentration. On the other hand, as the
voltage continues to increase, the generation rate of free radicals such as - OH also
rises. These free radicals subsequently react with Oz, as illustrated in Chemical
Reaction Equations (34-37), leading to further decomposition of O3. In addition, when
prolong the treatment time, the Oz concentration gradually rises and eventually
approaches a stable state. This phenomenon may be attributed to the attainment of
dynamic equilibrium between O3z generation and decomposition rates, thereby
facilitating concentration stabilization.
03+ Cl™ - 0, + ClO™ (42)
03 +Cl; - ClO” +Cl+ 0, (43)

4 Conclusion

This study designed a novel dual-electrode PAW generator to enhance RONS
production, with systematic optimization of key process parameters. The dual-electrode

2



configuration, integrating an upper-liquid electrode and a submerged electrode, enables
centimeter-scale bubble amplification, improves discharge stability, and enhances
turbulence, thereby promoting active particle diffusion and dissolution. This design
addresses critical limitations of conventional single-electrode systems by mitigating the
low mass-transfer efficiency of upper-liquid discharge and the product instability of
submerged-liquid discharge. Under optimized conditions (171 V input voltage, 0.019%
NaCl concentration, 30 min treatment time), the system achieved RONS
concentrations of 172.11 £12.85 mg/L (NO,),5.11£0.07 mg/L (NOs,3.25+0.41
mg/L (H20:) and 0.81 £ 0.06 mg/L (0Os), with a PAW production efficiency of 10.74
g/(KW X h). Notably, minimal thermal fluctuation (7.67 - 8.33 °C) and a final pH of
3.07 ensured process stability. Response surface methodology identified the treatment
time as the dominant factor influencing NO;, H.O. and Os, whereas the input voltage
primarily affected NO, . The NaCl concentration exhibited dual effects: low NaCl
concentrations promoted RNS formation, whereas high NaCl concentrations inhibited
RNS and suppressed ROS. These findings provide critical insights into high-efficiency

PAW production and establish a theoretical foundation for industrial applications.
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Figure 1

Plasma-activated water (PAW) generation system:



(a) PAW experimental device with High-voltage AC power supply and voltage regulator (1), Oscilloscope
(2), Detection device (3), PAW generator (4), Gas valve (5), Air compressor (6);

(b) PAW generator with Large beaker (7), Insulation cover (8), Air outlet (9), Air inlet (10), Water inlet and
outlet (11), Unilateral test electrode (12); Note:The purple tips under the electrode mean the discharge
state.

(c) Electrode configuration with Submerged electrode (13-14), Above-liquid electrode (15).




Figure 2

Dual-electrode hybrid discharge state diagram: (a-b) Bubble size; (c-d) Liquid state; (e-f) Discharge state
of submerged electrode DBD and above-liquid electrode, respectively .
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The RONS concentrations of PAW produced by single submerged electrode discharge and dual-electrode
hybrid discharge under the same conditions respectively. All error bars represent the standard deviation.
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Figure 4

Voltage and current values of the PAW generator with single submerged electrode discharge (a) and
dual-electrode hybrid discharge (b) under a high-voltage AC power supply.
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Figure 5

(A) The real-time monitoring of temperature and pH value during the dual-electrode hybrid discharge and
single submerged electrode discharge;

(B-C) Initial discharge state of the dual-electrode hybrid discharge and the single-submerged-electrode
discharge respectively.



Note: All error bars represent standard deviations. Under the same preparation conditions, different
lowercase letters indicate significant differences (p < 0.05).
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voltage and NaCl content, (b) input voltage and treatment time, (c) NaCl content and treatment time.
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Figure 7

Interactive effects of input voltage, NaCl content, and treatment time on NO’; concentration: (a) input
voltage and NaCl content, (b) input voltage and treatment time, (c) NaCl content and treatment time.
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Interactive effects of input voltage, NaCl content, and treatment time on H,0, concentration: (a) input
voltage and NaCl content, (b) input voltage and treatment time, (c) NaCl content and treatment time.
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Interactive effects of input voltage, NaCl content, and treatment time on O5 concentration: (a) input
voltage and NaCl content, (b) input voltage and treatment time, (c) NaCl content and treatment time.
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