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Abstract 

Despite the promise of plasma-activated water (PAW) as a chemical-free sanitization approach, its widespread 

adoption in households is limited by safety concerns and device complexity. This study presents the development 

of a compact, user-friendly flow-through PAW generator engineered for enhanced safety and antimicrobial 

performance. Compared to previous designs, the improved system drastically reduces leakage current by 99.6% 

(from 623 µA to 2.5 µA) and NO2 gas emissions by 25.7-fold (from 7700 ppb to 300 ppb), ensuring compliance 

with international safety standards (IEC DIN EN 60601) and air quality regulations (Thailand’s NAAQS and 

the WHO Global Air Quality Guidelines). The antimicrobial efficacy of PAW was demonstrated using raw 

oyster meat, achieving a 93.5% reduction in total viable count (TVC), equivalent to a 1.19-log reduction, after 

just two rinse cycles. Importantly, the residual levels of nitrite and nitrate in treated oysters remained well below 

the acceptable daily intake (ADI) limits established by JECFA. Key technological advancements include a dual-

chamber plasma reactor, integrated gas containment, RCBO installation, and optimized electrodes for enhanced 

plasma stability and reduced risk of electrical leakage. With an energy cost of approximately 0.00192 USD per 

liter of PAW produced, compact design, and chemical-free operation, this PAW system offers a viable, safe, and 

environmentally responsible solution for household food decontamination. 

 

Keywords: Antimicrobial efficacy, Electrical safety, Flow-through plasma reactor, Food safety, Non-thermal 

processing, Plasma-Activated Water (PAW) 
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1 Introduction 

 

Food safety is a critical global concern, closely linked 

to public health, economic stability, and food security. 

Consumption of contaminated food can cause 

foodborne illnesses, which remain a major global 

concern [1]. Plasma-activated water (PAW), derived 

from non-thermal electrical discharge plasma 

technology, has emerged as a promising non-thermal 

method to enhance food safety. PAW effectively 

inactivates pathogenic microorganisms and removes 

toxins and pesticide residues through reactive oxygen 

and nitrogen species (RONS) [2]. Its versatility allows 

application across various food types, regardless of 

size, shape, or texture [3]–[5]. 

Although lab-scale PAW studies show great 

promise, the development of industrial and compact 

household PAW generators has received limited 

attention [2]. Additionally, the safety aspects of such 

systems, especially user exposure to electric shock, 

UV radiation, reactive radicals, and toxic gas 

emissions, have not been thoroughly evaluated [6], 

[7]. These safety considerations are crucial and must 

be addressed alongside technological development. 

Our previous work introduced a compact flow-

through PAW generator for household use [8]. This 

device efficiently produced antibacterial PAW in a 

single pass with a temperature below 40 °C, suitable 

for direct application to biological surfaces. This 

system achieved a 5-log reduction in vitro of 

Escherichia coli and Staphylococcus aureus within 5 

min and significantly reduced Vibrio cholerae and 

Vibrio parahaemolyticus in shucked oyster meat by 

over 86%, highlighting its potential for household 

food safety.  

However, for routine household adoption, this 

compact PAW generator must meet rigorous safety 

standards, particularly concerning electrical safety and 

gas emissions. Like other electrical appliances, 

plasma-based devices pose a risk of electric shock. 

Additionally, the plasma reactor generates gaseous by-

products like nitric oxide (NO) and nitrogen dioxide 

(NO2), which, if not fully dissolved in the PAW, can 

be released into the atmosphere, causing air pollution 

and respiratory hazards. Preliminary evaluations of 

our earlier system revealed leakage currents into the 

treated water and emission of NO and NO2 gases, 

raising health concerns. 

This study focuses on further developing the 

plasma reactor for our compact PAW generator to 

minimize electric shock hazards and control harmful 

gas release. We investigated the electrical 

characteristics of the plasma reactor, monitored 

leakage currents, and analyzed plasma-generated 

species in both plasma and gas phases, quantifying 

pollutant gas emissions. We also assessed the 

antimicrobial efficacy of the improved PAW system 

using shucked oyster meat as a representative food 

substrate and evaluated residual nitrite and nitrate 

levels to ensure food safety. 

 

2 Materials and Methods 

 

2.1 The developed flow-through plasma-activated 

water (PAW) generator system 

 

Figure 1 illustrates a schematic of the developed flow-

through plasma-activated water (PAW) generator 

system. The figure highlights the internal plasma 

reactor and the experimental setup used for various 

measurements, including the voltage–current (V–I) 

characteristics of the electrical discharge plasma, 

patient leakage current, identification of plasma-

generated species using optical emission spectroscopy 

(OES) and Fourier-transform infrared (FTIR) 

spectroscopy, as well as NOx gas measurement. 

The plasma reactor was a closed chamber 

constructed from poly(methyl methacrylate) 

(PMMA). Internally, the reactor was divided into two 

sub-chambers by a partition wall, the lower edge of 

which was positioned below the water surface. This 

configuration allowed plasma-activated water to flow 

from the first sub-chamber to the second through an 

opening at the bottom of the wall. The partition wall 

served a critical function by preventing gas generated 

in the first sub-chamber from diffusing into the second 

sub-chamber, thereby minimizing gas escape from the 

reactor along with the plasma-activated water. 

The first sub-chamber contained four pairs of 

plasma-generating electrodes. Each pair comprised a 

tungsten anode and a stainless steel mesh cathode. The 

anode electrodes had needle-like, sharpened tips and 

were vertically mounted using polytetrafluoroethylene 

(PTFE) fixtures attached to the upper wall of the 

reactor. The cathode electrodes were formed by 

coiling stainless steel mesh into cylindrical shapes that 

surrounded the corresponding anodes, with their lower 

ends submerged in water. The electrodes were 

powered by a modular, multi-channel high-voltage 

DC power supply. The discharge gap, defined as the 

distance between the lower tips of the anodes and the 

water surface, was maintained at 1.0 cm. This specific 
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distance was established through a prior optimization 

study utilizing the same high-voltage power supply 

and pin-to-water plasma discharge configuration [8], [9].  

The sub-chamber was also equipped with a 

normally closed gas sampling port, which provided 

access for extracting gaseous by-products for 

subsequent analysis. In addition, a gas exchange port 

connected to a cartridge filter allowed for pressure 

equalization and gas exchange between the chamber 

and the external environment. The cartridge filter 

acted as a safety barrier, preventing the release of 

potentially hazardous gases into the surrounding 

atmosphere. In the second sub-chamber, a mesh 

grounded electrode, also fabricated from stainless 

steel mesh and formed into a cylindrical shape, was 

positioned to surround the outlet tube. This grounded 

electrode acted as a safeguard to prevent electrical 

leakage from the reactor.  

Water was supplied to the plasma reactor from 

an external reservoir via an adjustable diaphragm 

pump. The flow rate was controllable, ranging from 

100 to 500 mL/min. The water level in the plasma 

reactor was maintained at 1.0 cm, corresponding to an 

approximate volume of 100 cm3 retained within the 

reactor. As the water passed through the first sub-

chamber of the plasma reactor, it was activated by air 

plasma generated using ambient air present within the 

sub-chamber as the process gas. The resulting plasma-

activated water, enriched with dissolved reactive 

oxygen and nitrogen species, was then discharged 

from the outlet of the plasma-activated water 

generator via gravitational flow.  

The newly developed flow-through PAW 

generator was equipped with a residual current circuit 

breaker with overcurrent protection (RCBO) 

integrated into the device to safeguard users against 

electric shock hazards. In accordance with IEC 61009-1 

standards, the RCBO is designed to disconnect the 

electrical supply to the device within 100 ms when a 

leakage current exceeding 30 mA is detected. 

The water flow rate used for PAW generation in 

the developed system, applied consistently across all 

experiments presented in this study, was set at 300 

mL/min. This flow rate was selected based on its 

ability to maximize the concentration of hydrogen 

peroxide (H2O2) in the produced PAW, which in turn 

enhances the formation of peroxynitrite (ONOO⁻) and 

peroxynitrous acid (ONOOH). These two species are 

key reactive species responsible for the antimicrobial 

activity of PAW. This is due to H2O2 acting as the 

limiting precursor in the formation of ONOO⁻ and 

ONOOH via its reactions with nitrite (NO2⁻) and 

nitrous acid (HNO2), respectively [8]. 

 

2.2 Measurement of electrical characteristics and 

patient leakage current  

 

The voltage-current (V-I) characteristics of the plasma 

reactor were investigated using a digital oscilloscope 

(Hantek DSO2C15; Qingdao Hantek Electronic Co., 

Ltd., Shandong, China), which has a 150 MHz 

bandwidth and a 1 GSa/s sampling rate. 

The instantaneous discharge voltage, V(t), across 

the electrodes was measured with a high-voltage probe 

(P6015A, Tektronix, Inc., Oregon, USA; 75 MHz 

bandwidth). Concurrently, the discharge current, I(t), 

was determined by monitoring the voltage drop, Vs(t), 

across a 2 Ω shunt resistor using a second high-voltage 

probe (Hantek PP-200, Qingdao Hantek Electronic 

Co., Ltd., Shandong, China; 200 MHz bandwidth). 

The average electrical power dissipated in the plasma 

discharge was then calculated using the provided 

formula (1): 

 

0
(1/ ) ( ) ( )

T

P T V t I t dt=               (1) 

 

where T is the period of the voltage waveform.  

The total electric power consumption of the 

flow-through plasma-activated water generator 

system was measured using a digital multi-function 

energy meter (TAXNELE DDS662, Yueqing Taixin 

Electric Co., Ltd., Zhejiang, China).  

Currently, PAW generators are not 

commercially available, and there are no specific 

electrical safety standards, such as IEC guidelines, that 

directly apply to them. Therefore, in this study, the 

patient leakage current, which is defined as the current 

that flows into the body through direct-contact 

interfaces like electrodes, is used as a critical safety 

parameter. To assess this, the measurement setup 

follows the human body model described in IEC DIN 

EN 60601-1 [7]. This model consists of an isolated 

graphite slab, which acts as an electrically conductive 

contact surface, mounted on a metal enclosure that 

houses a circuit simulating the electrical impedance of 

the human body. The equivalent circuit includes a 1 

kΩ resistor (R2) in series with an RC filter composed 

of a 10 kΩ resistor (R1) and a 0.015 µF capacitor (C). 

The human body model was brought into contact with 

the PAW effluent discharged from the outlet of the 

plasma reactor. The voltage drop across the capacitor 
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in the model circuit was measured using a high-

voltage probe (Hantek PP-200, Qingdao Hantek 

Electronic Co., Ltd., Shandong, China; 200 MHz 

bandwidth). The resulting patient leakage currents can 

be determined by following formula (2) [10]:  

 

int

2

( )

0

C

t
V t

I t f
R

t

 
 =  
 
= 

              (2) 

 

where I is the patient leakage current, Vc refers to the 

measured voltage drop across the capacitor. The 

integration time for a single pulse is denoted by tint, 

while, Δt represents the inverse count rate, and f 

signifies the pulse repetition rate. 

 

2.3 Measurement of plasma-generated species in 

plasma and gas phases 

 

To identify the different plasma-generated species 

created in the plasma discharge, we used optical 

emission spectroscopy (OES). A broad-range 

spectrometer (model LR1-T from ASEQ Instruments, 

Vancouver, Canada) was utilized for this general 

analysis, covering wavelengths from 192 to 887 nm. 

For improved signal quality, each measurement was 

an average of 5 individual samplings. 

The chemical composition of the gaseous 

products generated in the plasma reactor was identified 

using Fourier transform infrared (FTIR) spectroscopy 

(VERTEX 80v; Bruker Corporation, Massachusetts, 

United States) with a 10-cm optical path gas cell 

equipped with KBr windows. Spectra were recorded 

in the wavenumber range of 4000–500 cm−1 at a 

spectral resolution of 1 cm−1. Gas from the first sub-

chamber was drawn for analysis using a peristaltic 

pump and subsequently delivered to the gas cell. 

The concentrations of plasma-generated NO and 

NO2 were analyzed using an exhaust gas analyzer 

(Testo 350; Testo SE & Co. KGaA, Baden-

Württemberg, Germany; NO measuring range: 0–300 

ppm; NO2 measuring range: 0–500 ppm). 

Measurements were conducted for both gases inside 

the plasma reactor and at a position 30 cm in front of 

the developed flow-through PAW generator. 

 

2.4 Characterization of PAW’s physicochemical 

properties 

 

Tap water was used to produce plasma-activated water 

(PAW) via the developed flow-through plasma-

activated water generator. 

The focus of measurements in PAW, produced 

by the system, was placed on crucial long-lived 

reactive oxygen and nitrogen species (RONS) known 

for their antimicrobial properties. Specifically, 

(NO2⁻), nitrate (NO3⁻), and hydrogen peroxide (H2O2) 

were the species of interest [11]–[13].  

 

 
Figure 1: Schematic diagram of the experimental setup detailing the flow-through plasma-activated water 

(PAW) generator, the plasma reactor, and the systems for measuring electrical characteristics and plasma-

generated species. 
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Quantification of nitrite and nitrate 

concentrations was carried out using Quantofix® 

Nitrite/Nitrate test strips (Macherey-Nagel GmbH & 

Co. KG, North Rhine-Westphalia, Germany). These 

strips allow for the detection of nitrite levels from 0 to 

80 mg/L NO2⁻ and nitrate levels from 0 to 500 mg/L 

NO3⁻. For hydrogen peroxide concentrations, 

Quantofix® Peroxide 25 test strips (Macherey-Nagel 

GmbH & Co. KG, North Rhine-Westphalia, 

Germany) were employed, providing a measurement 

range of 0 – 25 mg/L. 

Furthermore, the physicochemical properties of 

the PAW, such as pH and temperature, were measured 

using a portable, pen-type digital meter (AMT03R; 

Amtast USA Inc., Florida, USA). 

 

2.5 Evaluation of antimicrobial efficacy and 

residual nitrite and nitrate levels in PAW-treated 

shucked oyster meat 

 

To evaluate the antimicrobial efficacy of PAW 

treatment on foodborne pathogens, the total viable 

count (TVC) method was employed. Shucked oyster 

meat was used as the model sample, consistent with 

previously published work [8]. The study compared 

the effectiveness of washing oyster meat with PAW 

versus sterile distilled water (SDW) and investigated 

the impact of single versus double washing cycles. For 

microbial enumeration, the samples were serially 

diluted and plated on nutrient agar prepared from 

nutrient broth (HiMedia, M002-500G; HiMedia 

Laboratories LLC, Pennsylvania, United States) to 

determine the total viable count. 

Shucked oyster meat (Saccostrea commercialis) 

was obtained from a local seafood market in Rayong, 

Thailand. For each treatment condition, 25 g of oyster 

meat was immersed in 100 mL of either PAW or SDW 

for 10 min. For the double-washing condition, this 

step was repeated. 

After washing, the oyster samples were 

transferred into 225 mL of 0.1% peptone water and 

homogenized using a Stomacher blender at 100 rpm for 

30 s. The resulting solution was then serially diluted 

using sterile saline solution and spread onto agar culture 

plates. The plates were subsequently incubated for 24 

hours at 37 °C. All colonies were enumerated, and the 

microbial load was expressed as CFU/g. 

The quantification of residual nitrite and nitrate 

in shucked oyster meat was conducted by the Food and 

Nutrition Laboratory, Institute of Nutrition, Mahidol 

University, Nakhon Pathom, Thailand. Oyster meat 

samples, both untreated and treated with PAW for 10 

min with two cleaning cycles (250 g per condition), 

were submitted for analysis. Residual nitrite content 

was determined using an in-house method based on 

ISO 2918:1975, while residual nitrate content was 

analyzed using an in-house method based on ISO 

3091:1975. 

 

2.6 Statistical analysis of experimental data 

 

Experiments were performed in triplicate, at a 

minimum, and the outcomes are presented as the mean 

± standard deviation (SD). For data analysis, IBM 

SPSS Statistics version 28 was utilized. 

To identify significant differences between 

treatment groups, a one-way analysis of variance 

(ANOVA) was applied. Subsequent post hoc 

comparisons of group means were conducted using 

Tukey's Honestly Significant Difference (HSD) test. 

Statistical significance was set at a p-value less than 

0.05 (p-value < 0.05). 

 

3 Results and Discussion 

 

3.1 Electrical characteristics 

 

Powering the plasma generator electrodes with a high-

voltage DC source initiated an electrical discharge 

plasma between the tungsten anode tip and the water 

surface. The water surface functioned as a liquid 

electrode, connected to a stainless steel mesh cathode. 

The discharge gap, the distance from the lower tip of 

the anode rod to the water surface, was set at 1 cm. 

The observed plasma discharge exhibited 

characteristics consistent with those documented in 

previous studies [8], [9]. The V-I characteristics of this 

plasma discharge are presented in Figure 2. 

 

 
Figure 2: Representative voltage-current characteristics of 

the electrical discharge plasma within the developed 

plasma reactor (1 cm discharge gap). 
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Despite the use of a constant DC power supply 

for plasma generation, the discharge displayed 

inherent pulsing behavior. This self-pulsing 

phenomenon is a common observation across various 

electrode geometries and discharge modes [14], [15]. 

For this study, the repetition rate of the electrical 

discharge pulses was approximately 45 kHz. 

The average electrical power dissipated during a 

single period of plasma discharge was calculated from 

Equation (1), utilizing the measured V-I waveforms. 

For discharges generated using electrode pairs 1, 2, 3, 

and 4, the pulse-average dissipated powers were 

determined to be 25.8 W, 25.4 W, 26.3 W, and 25.9 

W, respectively. The cumulative power dissipation 

from all plasma discharges within the plasma reactor 

amounted to 103.4 W. Concurrently, the total 

electrical power consumption of the entire flow-

through plasma-activated water generator system was 

268.4 W. 

 

3.2 Plasma-generated species in plasma and gas 

phases 

 

In the discharge region, collisions with energetic free 

electrons primarily initiated the excitation, ionization, 

and dissociation of the parent species N2, O2, and H2O. 

Following the ignition of the plasma discharge, 

various physical and chemical interactions within this 

region led to the formation of numerous species [8], 

[9]. Some of these, such as excited N2 molecules, 

atomic nitrogen (N), atomic oxygen (O), atomic 

hydrogen (H), and hydroxyl (OH) radicals, could be 

observed via optical emission spectroscopy (OES).  

The broadband emission spectrum resulting from 

the plasma discharge in the reactor of the compact 

flow-through plasma-activated water system is 

presented in Figure 3. The second positive system 

(SPS) of N2, corresponding to the electronic transition 

C3Πu → B3Πg, was identified within the 296.2 – 405.9 

nm range, while the first positive system (FPS), 

involving the transition B3Πg → A3Σᵤ⁺, was observed 

between 590.6 and 760.9 nm [16], [17]. In addition, 

emission peaks attributed to the first negative system 

(FNS) of N2
⁺, corresponding to the transition B2Σᵤ⁺ → 

X2Σg⁺, were detected within the 291.4–427.8 nm range 

[17]. These findings indicate that excited nitrogen 

species dominate the plasma region. Such species—

including N2(A3Σᵤ⁺), N2(B3Πg), N2(C3Πu), and N2
⁺—

are primarily produced through electron impact 

excitation and ionization of neutral nitrogen molecules 

[18], [19]. 

 

 
Figure 3: Typical optical emission spectrum of the air 

plasma discharge within the developed plasma reactor. 

 

Moreover, emission peaks near 236 nm, 246 nm, 

and 258 nm were attributed to the γ-band transitions 

of nitric oxide (NO), specifically the A2Σ⁺ → X2Π 

transition [20]. The spectrum also revealed the 

presence of other reactive species, such as hydroxyl 

radicals (OH, around 284 nm), atomic hydrogen (Hα 

at 656.45 nm), atomic oxygen (O at 777.4 and 844.6 

nm), and atomic nitrogen (N at 747, 822, and 868 nm) 

[21]–[25]. 

The various species generated by this plasma 

discharge can interact with each other, leading to the 

formation of new RONS groups. The proposed 

mechanisms for the generation of RONS within the 

developed plasma reactor of the flow-through PAW 

generator have been presented in a previously 

published study [8]. Among these products, long-lived 

RONS gases, including ozone (O3), hydrogen 

peroxide (H2O2), nitric oxide (NO), nitrogen dioxide 

(NO2), nitrous oxide (N2O), dinitrogen pentoxide 

(N2O5), nitrous acid (HNO2), and nitric acid (HNO3), 

are particularly stable and can be effectively detected 

using Fourier-transform infrared (FTIR) spectroscopy 

[26]–[29].  

Figure 4 shows the FTIR spectrum of gases 

produced in the developed plasma reactor. The 

analysis identified several long-lived RONS with their 

characteristic absorption bands include HNO2, with 

absorption bands at 3630–3545 cm⁻1 and 890–760 

cm⁻1; NO2, at 1660–1560 cm⁻1 and 2935–2845 cm⁻1; 

N2O, between 2265–2145 cm⁻1; NO, in the range of 

1965–1770 cm⁻1; HNO3, with a peak at 1325 cm⁻1; and 

N2O5, showing characteristic peaks 569 cm⁻1 [26], [29]. 

Nevertheless, precise identification of individual 

gas species was challenging within certain wavenumber 

ranges due to the interference of absorption bands 
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from multiple gases. For example, in the 1330–1210 cm⁻1 

region, the infrared absorption peak of N2O 

overlapped with those of HNO2 and N2O5. Similarly, 

in the 1735–1670 cm⁻¹ range, the absorption band of 

HNO2 overlapped with that of N2O5 [26]. 

 

 
Figure 4: Representative FTIR absorption spectrum 

of gaseous products generated within the developed 

plasma reactor. 

 

FTIR spectroscopy of the gases generated within 

the developed plasma reactor indicated that the long-

lived RONS gases formed were predominantly 

reactive nitrogen species (RNS). We observed a 

notable absence of significant long-lived reactive 

oxygen species (ROS) such as ozone (O3) and 

hydrogen peroxide (H2O2). O3, typically formed from 

the reaction between atomic oxygen and oxygen 

molecules (O + O2 + M → O3 + M, where M is any 

other species) [27], has a primary infrared absorption 

peak at 1042 cm−1 [26]. H2O2, usually resulting from 

the recombination of hydroxyl radicals (OH + OH → 

H2O2; OH + OH + M → H2O2 + M) [30], [31], absorbs 

in the 1170–1380 cm−1 range [31], [32].  

This absence of O3 and H2O2 is likely due to their 

very limited formation within the reactor, or, more 

significantly, their rapid consumption in chemical 

reactions with other RONS species already present, 

leading to the formation of new RNS. For instance, O3 

can undergo oxidation reactions with N, NO, and NO2 

to form NO, NO2, and NO3, respectively (N + O3 → 

NO + O2; NO + O3 → NO2 + O2; NO2 + O3 → NO3 + 

O2) [33], [34]. Meanwhile, H2O2 can react with OH 

and O to produce hydroperoxyl radical, HO2 (OH + 

H2O2 → HO2 + H2O; O + H2O2 → HO2 + OH). This 

HO2 can then further react with NO to form NO2 or 

HNO3 (NO + HO2 → NO2 + OH; NO + HO2 → HNO3) 

or with NO2 to form HNO2 (NO2 + HO2 → HNO2 + 

O2) [18], [19].  

In addition to measuring the gases produced 

within the developed plasma reactor using an FTIR 

spectrometer, we utilized a gas analyzer to detect the 

quantities of NO and NO2 generated inside the reactor. 

The average concentrations of these two radicals were 

found to be 387.3 ± 100.4 ppm and 22.0 ± 7.4 ppm, 

respectively. 

Beyond the two previously mentioned causes 

concerning the absence of O3 and H2O2, another 

possible explanation exists. The plasma-generated O 

and OH radicals, essential precursors for the formation 

of O3 and H2O2, respectively, appear to have been 

almost entirely consumed. This consumption occurred 

in chemical reactions linked to the formation of 

reactive nitrogen species (RNS) such as NO, NO2, 

HNO2, and HNO3 within the plasma reactor. 

Specifically, O radicals react with N2 to form NO (O 

+ N2(A3Σᵤ⁺) → NO + N), and subsequently with NO 

to produce NO2 (O + NO + M → NO2 + M). Likewise, 

OH radicals can be involved in reactions such as with 

atomic N to form NO (OH + N → NO + H), with NO 

to form HNO2 (OH + NO + M → HNO2 + M), and 

with NO2 to form HNO3 (OH + NO2 + M → HNO3 + 

M) [18], [33]. 

 

3.3 Physicochemical characteristics of PAW 

 

The physicochemical properties of PAW, produced 

using the developed flow-through PAW generation 

system, are presented in Table 1. The system utilized 

tap water with initial temperature, pH, electrical 

conductivity (EC), and oxidation-reduction potential 

(ORP) values of 29.1 ± 0.3 °C, 7.50 ± 0.01, 2 ± 0 

µS/cm, and 254 ± 1 mV, respectively. A water flow 

rate of 300 mL/min was maintained during the PAW 

generation process. 
 

Table 1: Physicochemical characteristics of plasma-

activated water (PAW) generated by the developed 

flow-through PAW generator. 
Parameter Value 

Temperature 33.4 ± 0.6 °C 
pH 3.75 ± 0.23 

Electrical conductivity (EC) 326 ± 4 µS/cm 

Oxidation-reduction potential (ORP) 300 ± 3 mV 
Nitrite (NO2

−) 26.6 ± 5.7 mg/L 

Nitrate (NO3
−) 150.0 ± 43.3 mg/L 

Hydrogen peroxide (H2O2) 9.2 ± 1.4 mg/L 

 

The PAW produced by our developed PAW 

generator system has a temperature not exceeding 40 °C. 
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This crucial characteristic enables the immediate 

application of the nascent PAW to soft matter, 

including biological tissues, without inducing thermal 

damage [35]. 

Based on the measurements of reactive oxygen 

and nitrogen species (RONS) in the gas phase within 

the developed plasma reactor, as presented in Section 

3.2, and considering the chemical reactions occurring 

at the gas-liquid interfacial areas alongside Henry's 

Law solubility coefficients [18], [36], we hypothesize 

the following formation mechanisms for the long-

lived RONS detected in the PAW generated by our 

developed system, specifically NO2
−, NO3

−, and H2O2. 

We believe that NO2
− and NO3

− originate from 

the dissociation of HNO2 and HNO3, respectively 

(HNO2 → NO2
− + H+; HNO3 → NO3

− + H+). This 

dissociation not only produces nitrite and nitrate but 

also generates H+, leading to the acidic nature of 

PAW. Both gaseous HNO2 and HNO3, found in the 

plasma reactor, exhibit high Henry’s law solubility 

coefficients (approximately 4.8 × 10−1 mol m−3 Pa−1 

and 2.1 × 103 mol m−3 Pa−1, respectively) [18]. This 

indicates that gaseous HNO2 and HNO3 can readily 

dissolve in water and subsequently dissociate into 

NO2
− and NO3

−. 

Beyond the direct dissolution and dissociation of 

gaseous HNO2 and HNO3, NO and NO2 also play a 

role in generating NO2
− and NO3

− through chemical 

reactions that produce HNO2 and HNO3. NO and NO2, 

detected by both FTIR spectrometer and a gas 

analyzer, have very low solubility coefficients 

(approximately 1.9 × 10−5 mol m−3 Pa−1 and 1.2 × 10−4 

mol m−3 Pa−1, respectively) [18]. While this implies 

minimal dissolution in water, these gases can still react 

with water at the interface to form additional HNO2 

and HNO3 (NO + NO2 + H2O → 2HNO2; 2NO2 + H2O 

→ HNO2 + HNO3) [37]. 

Regarding the H2O2 formation in the PAW, we 

were unable to detect gaseous H2O2 using Fourier 

Transform Infrared (FTIR) spectroscopy. This 

suggests that the concentration of H2O2 in the gas 

phase is very low. Consequently, we propose that the 

majority of H2O2 observed in the PAW, produced 

using a pin-to-water plate electrode geometry, 

primarily results from the recombination of hydroxyl 

radicals.  

These OH radicals are formed at the gas-liquid 

interface through charge transfer collisions. 

Specifically, positive ions generated in the plasma, 

such as N2
+and N+, collide with water molecules at the 

liquid surface. This collision transfers charge to the 

water molecules, creating water cations, H2O+ (X+ + 

H2O → X + H2O+, where X is any species present 

within the plasma reactor). These water cations 

subsequently react with surrounding water molecules 

to yield OH radicals and H3O+ (H2O⁺ + H2O → OH + 

H3O⁺) [38].  

Both the ⋅OH radicals and the H2O2   resulting 

from their recombination at the interfacial region 

exhibit high solubility coefficients (approximately 3.8 

× 10−1 mol m−3 Pa−1 for OH and 9.0 × 102 mol m−3 Pa−1 

for H2O2), enabling their rapid dissolution into the 

aqueous phase [18]. 

 

3.4 Antimicrobial efficacy of PAW treatment on 

shucked oyster meat 

 

To compare the effectiveness of PAW as a cleaning 

agent versus sterile distilled water (SDW), and to 

investigate the effect of the number of washing cycles, 

we employed the total viable count (TVC) method to 

evaluate the microbial load in shucked oyster meat 

samples cleaned with PAW and SDW. Shucked oyster 

meat was selected as a representative raw food 

commonly consumed in Thailand, which is often 

associated with foodborne pathogen contamination. 

The efficacy of PAW generated by the flow-

through PAW generation system and used 

immediately post-generation, is presented in Table 2. 

 

Table 2: Aerobic plate count in shucked oyster meat 

samples after treatment with plasma-activated water 

(PAW) and sterile distilled water (SDW). 1x and 2x 

denote washing with 100 mL of the respective 

cleaning agent for 10 min per cycle, for one and two 

cycles, respectively. Lowercase letters (a–c) indicate 

statistically significant differences; different letters 

denote significant differences at p-value < 0.05. 
Treatment 

Condition 

Total Viable Count 

(CFU/g) 

Percentage 

Reduction 

(%) 

Untreated 474.67 ± 16.65a - 

1x SDW-treated 404.00 ± 18.33b 14.9 

2x SDW-treated  341.33 ± 44.24b 28.1 
1x PAW-treated 94.67 ± 16.65c 80.1 

2x PAW-treated 30.67 ± 14.05c 93.5 

 

When shucked oyster meat samples were 

submerged in either PAW or SDW for 10 min, 

followed by decanting, a single rinse with PAW 

significantly reduced the TVC in the oyster meat. This 

one-time PAW wash achieved an 80.1% reduction in 

microbial load, which was significantly higher than 

the 14.9% reduction observed with SDW. 



  

                             Applied Science and Engineering Progress, Vol. 19, No. 1, 2026, 7901 

    

 

 

P. Thana et al., “Development and Application of a Novel Flow-Through Plasma-Activated Water Generator for Household Food Safety: 

Characterization, Safety, and Antimicrobial Efficacy.” 

  
9 

Furthermore, a second rinse with the respective 

cleaning agents further enhanced the reduction in total 

viable microbial cells. The reduction increased to 

93.5% for PAW-treated samples and 28.1% for SDW-

treated samples. 

To evaluate the safety implications of these 

findings, the observed microbial loads were compared 

with relevant food safety standards. According to the 

Microbiological Quality Criteria for Food and Food 

Contact Containers, 3rd Edition (B.E. 2560), 

published by the Department of Medical Sciences, 

Ministry of Public Health, Thailand, the permissible 

limit for TVC in raw oyster meat is 5 × 105 CFU/g. In 

our study, the microbial loads under various treatment 

conditions were as follows: untreated (474.67 CFU/g), 

1x SDW-treated (404.00 CFU/g), 2x SDW-treated 

(341.33 CFU/g), 1x PAW-treated (94.67 CFU/g), and 

2x PAW-treated (30.67 CFU/g). All treatments 

resulted in TVC levels well below the regulatory limit. 

However, the use of PAW significantly enhanced 

microbial reduction compared to SDW, suggesting its 

potential as a more effective and safer alternative for 

decontaminating raw oysters. These findings support 

the applicability of PAW in improving the 

microbiological safety of raw seafood in alignment 

with national food safety standards. 

The antimicrobial capability of PAW produced 

from the developed flow-through PAW generator is 

likely attributed to peroxynitrite (ONOO−), which is 

formed from the combination of NO2
− and H2O2 (NO2

− 

+ H2O2 + H+ → ONOOH + H2O, ONOOH ↔ ONOO− 

+ H+) [18], [39]. These reactive nitrogen species are 

well-established to play a crucial role in inactivating a 

broad spectrum of microorganisms, including 

bacteria, fungi, and viruses [40]–[43].  

Based on our previous study, foodborne 

pathogenic bacteria commonly found in shucked 

oyster meat include Staphylococcus aureus, 

Salmonella spp., Vibrio cholerae, and Vibrio 

parahaemolyticus [8], Peroxynitrite (ONOO⁻) is 

known to induce bacterial cell death through both 

apoptotic and necrotic pathways [11], [44]. Its 

antimicrobial activity involves lipid peroxidation of 

microbial membranes, leading to structural disruption 

[41]. Furthermore, ONOO⁻ can penetrate bacterial 

cells and accumulate intracellularly, where it causes 

extensive damage, including DNA modification, lipid 

peroxidation, protein oxidation and nitration, and 

enzyme inactivation, ultimately resulting in bacterial 

death [11], [45], [46]. 

Furthermore, the abundance of reactive nitrogen 

species, such as NO2
− and NO3

−, in the PAW 

generated by this system enhances its effectiveness 

against foodborne pathogens like S. aureus and E. coli 

[42]. 

Despite PAW generated by the developed flow-

through PAW generation system demonstrated 

excellent microbial reduction in this study and its 

acidic nature plays a crucial role in enhancing 

antimicrobial activity [47], [48], the relatively low pH 

(3.75) of the PAW used may raise concerns regarding 

potential impacts on the sensory attributes of raw 

oysters, such as appearance, texture, and flavor. 

Numerous studies have reported that the undesirable 

effects of acidic PAW and plasma-activated solutions 

(PAS), particularly those generated using air plasma, 

on the quality attributes of various seafood and meat 

products are generally minimal and depend on the 

product type [1]. For instance, Qian et. al., [48] found 

that treatment with acidic PAW and plasma-activated 

lactic acid caused no noticeable changes in the basic 

properties of beef, including surface color, pH, lipid 

oxidation, odor, and protein content. However, when 

applied to chicken drumsticks, a slight reduction in 

surface redness was observed [49]. For aquatic 

products, Zhao et. al., [50] demonstrated that 

decontamination of mackerel fillets using plasma-

activated peracetic acid with a pH of approximately 

2.8 did not result in significant alterations in surface 

color or other quality parameters. Similarly, Liu et. al.,  

[51] reported that acidic PAW caused no significant 

changes in the sensory properties of yellow river carp 

fillets. 

It is also worth noting that acidic solutions with 

similar or even lower pH values are widely used in the 

meat industry for microbial decontamination. For 

instance, organic acids such as lactic, malic, and 

fumaric acids are widely employed as antimicrobial 

washes for meat and poultry carcasses to reduce 

bacterial contamination [52]–[54]. These applications, 

despite the low pH of the solutions, have been shown 

to effectively reduce pathogens with minimal or 

acceptable effects on the sensory quality, including 

texture and color, of the treated products [55]. 

Nevertheless, considering that oysters are 

consumed raw and are particularly sensitive to sensory 

alterations, further investigation is needed to assess 

consumer acceptability and potential sensory 

alterations following PAW treatment.
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3.5 Device risk assessments 

 

3.5.1  Patient leakage current 

 

The plasma reactor in flow-through plasma-activated 

water (PAW) generators presents a potential risk of 

electrical leakage to the user, similar to hazards found 

in conventional electric water heaters or other 

household appliances. This danger is heightened by 

PAW's relatively high electrical conductivity, which 

increases its capacity to transmit any leaked current to 

individuals touching the water as it exits the reactor. 

Exposure to such leakage currents can cause a range 

of adverse effects on the human body, from a mild 

tingling sensation to the stimulation of muscles and 

nerves, resistive heating of tissues, electrochemical 

burns, or even electric shock, potentially leading to 

cardiovascular collapse [7], [10]. 

Figure 5 displays a representative voltage pulse 

measured from the equivalent circuit of human body 

impedance, which was subjected to contact with PAW 

flowing from the developed plasma reactor's outlet. 

The measured voltage exhibited an alternating current 

(AC) pulse characteristic with a repetition rate of 

approximately 38.5 kHz. Based on Equation (2), the 

calculated average patient leakage current was 2.5 µA, 

which is less than the 10 µA threshold current for AC, 

as specified by IEC DIN EN 60601 [7]. Furthermore, 

the RCBO breaker installed in the developed flow-

through PAW generator, as depicted in Figure 1, did 

not trip. This indicates that the leakage current from 

the device did not exceed 30 mA. 

 

 
Figure 5: A representative voltage pulse measured 

across the human body impedance model, used to 

evaluate the patient leakage current of the reactor. 

 

In comparison, the previous version of the flow-

through PAW generator, as presented in our earlier 

study [8], exhibited a significantly higher leakage 

current of 623 µA. This quantitative reduction in 

leakage current demonstrates a substantial safety 

improvement in the redesigned system, ensuring that 

the developed PAW generator complies with both 

medical and household electrical safety standards. 

 

3.5.2  NO2 emission 

 

Nitrogen dioxide (NO2) generated within the 

developed plasma reactor may be released or leaked 

into the surrounding atmosphere. Such emissions 

contribute to ambient air pollution and pose significant 

respiratory health risks [56]. Vulnerable populations, 

which include individuals with asthma, children, and 

the elderly, are particularly susceptible to the adverse 

health effects of NO2 exposure. The World Health 

Organization (WHO), along with environmental 

protection agencies worldwide, recognizes NO2 as a 

key indicator pollutant and includes it as a primary 

metric for assessing overall air quality. According to 

the WHO Global Air Quality Guidelines (AQGs) 

2021, the recommended maximum exposure limit for 

NO2 is 13.3 ppb based on a 24-hour mean. In 

comparison, Thailand’s National Ambient Air Quality 

Standards (NAAQS) set the maximum allowable 

concentration of NO2 at 170 ppb for a 1-hour 

averaging period. 

The concentration of NO2 in the ambient air 

around the flow-through PAW generator was measured 

at a distance of 30 cm from the front of the device, 

approximating the typical user's working distance. 

Measurements were taken over a 20-min operating 

period, which corresponds to the production of 6 L of 

PAW. The average NO2 concentration recorded was 

300 ± 200 ppb. Assuming continuous exposure for the 

full 20 min, the estimated 1-hour and 24-hour time-

weighted average exposures to NO2 would be 100 ppb 

and 4.2 ppb, respectively. These values fall below the 

1-hour ambient air quality standard set by the Thai 

government (170 ppb) and the 24-hour guideline 

recommended by the WHO (13.3 ppb), suggesting 

acceptable short-term safety for users. 

In contrast, the previous version of the flow-

through PAW generator, as reported in our earlier 

study [8], emitted NO2 at an average concentration of 

7700 ± 1000 ppb during operation—more than 25.7 

times higher than the current design. This substantial 

reduction in NO2 emissions reflects a major 

improvement in emission control and represents a 
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significant advancement in user and environmental 

safety. 

Nonetheless, despite the lower emissions from 

the current system, strategies to further minimize user 

exposure remain beneficial. These include enhancing 

the device’s NO2 capture or conversion mechanisms, 

operating in well-ventilated environments, and 

limiting the duration of continuous use. 

In addition, the study primarily evaluates short-

term safety. However, the long-term domestic use of 

PAW generators poses significant concerns regarding 

cumulative NO2 exposure, particularly in poorly 

ventilated indoor environments. There is also the 

potential for gradual degradation of internal 

components, which could affect emission levels over 

time. Future research should therefore focus on long-

duration emission profiling under realistic usage 

patterns, long-term health risk assessment, and 

accelerated aging studies to evaluate the device's 

durability and consistent safety throughout its 

expected operational lifetime. 

Beyond NO2, further investigations should 

quantify the emissions and assess the health impacts 

of other long-lived reactive nitrogen species (RNS) 

gases that may escape from the plasma reactor into the 

surrounding air. These include, but are not limited to, 

nitrous oxide (N2O), dinitrogen pentoxide (N2O5), 

nitrous acid (HNO2), and nitric acid (HNO3) [27], [34]. 

Understanding the ambient concentrations and health 

effects of these RNS is essential for ensuring the long-

term safety of PAW systems in both domestic and 

industrial applications. 

A summary of the key improvements in the 

developed flow-through PAW generator compared to 

the previous version is presented in Table 3. 

Compared to our previously reported design [8], the 

newly developed system offers several significant 

enhancements in both safety and performance. Most 

notably, the patient leakage current was reduced from 

623 µA to just 2.5 µA—well below the IEC DIN EN 

60601 safety threshold of 10 µA—ensuring safer 

direct contact with treated water. In addition, NO₂ 

emissions measured at a typical user distance (30 cm) 

were reduced by more than 25-fold, from 7700 ppb to 

300 ppb, thereby minimizing respiratory risks during 

operation. The current NO2 level remains below 

Thailand’s NAAQS 1-hour exposure limit (170 ppb) 

when time-weighted, and also below the WHO AQG 

24-hour guideline (13.3 ppb), based on continuous 

operation of the developed flow-through PAW 

generation system for 20 min. 

These improvements were made possible by a 

redesigned reactor featuring a dual-chamber structure, 

a gas isolation wall, and an integrated cartridge filter 

to contain NOx and other hazardous gases. The 

inclusion of an RCBO provides automatic circuit 

protection, while the upgraded electrode configuration 

enhances plasma stability and lowers the risk of 

leakage current. Together, these advancements 

represent a substantial step toward making PAW 

technology safer, more practical, and more suitable for 

routine domestic applications.

 

Table 3: Summary of key improvements in the developed flow-through PAW generator compared to the 

previous version [8]. 
Aspect Previous version Current version  

(This study) 

Improvement 

Leakage current 623 µA 2.5 µA 99.6% reduction; below the IEC DIN EN 60601 safety 

limit of 10 µA 

NO2 emission  7700 ± 1000 ppb 300 ± 200 ppb 25.7-fold reduction; the measured NO₂ level remains 
below Thailand’s NAAQS 1-hour exposure limit (170 

ppb) when time-weighted, and also below the WHO 
AQG 24-hour guideline (13.3 ppb), under continuous 

operation for 20 min. 

Safety features No integrated RCBO RCBO installed (IEC 
61009-1 compliant) 

Enables automatic cutoff at >30 mA leakage within 
100 ms 

Gas containment 

design 

Single-chamber, no 

gas barrier 

Dual-chamber with gas 

isolation wall and cartridge 
filter 

Enhanced containment of toxic gases, minimizing air 

pollution risk 

Electrode 

configuration 

Basic electrode setup Optimized multi-electrode 

design with safety 

grounding 

Enhanced plasma stability and lower risk of electrical 

leakage 
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3.5.3  Nitrite and nitrate residues 

 

The food safety of food ingredients treated with PAW 

is a critical consideration, as PAW contains dissolved 

nitrite (NO2
−) and nitrate ions (NO3

−). These ions may 

accumulate in the food matrix and potentially 

contribute to the formation of nitrosamines, 

compounds classified as human carcinogens [57]–

[59]. Such risks may raise concerns among consumers 

regarding the safety of PAW-treated food products. 

The joint FAO/WHO Expert Committee on Food 

Additives (JECFA) has established acceptable daily 

intakes (ADI) for NO2
− and NO3

− at 0.06 mg/kg body 

weight and 3.7 mg/kg body weight, respectively [60]. 

Therefore, an adult weighing 60 kg can safely 

consume up to 3.6 mg of nitrite ion and 222 mg of 

nitrate ion per day. 

An analysis was conducted to determine the 

accumulation of nitrite and nitrate in shucked oyster 

meat, both untreated and treated by immersion in 

PAW produced from the flow-through PAW generator 

for two 10-min cycles. The results showed that 

residual nitrite levels in untreated and PAW-treated 

oyster meat were 1.08 mg/kg and 0.82 mg/kg of oyster 

meat, respectively. Correspondingly, accumulated 

nitrate levels in untreated and PAW-treated oyster 

meat were 36.91 mg/kg and 68.32 mg/kg of oyster 

meat, respectively. 

If an adult weighing 60 kg consumes 1 kg of 

PAW-treated oyster meat, the intake of nitrite and 

nitrate would be 0.82 mg and 68.32 mg, 

respectively—both of which are within the established 

ADI limits. In other words, under these conditions, the 

consumer could theoretically consume up to 3.2 kg of 

PAW-treated oyster meat per day without exceeding 

the ADI for nitrite and nitrate ions. 

 

3.6 Energy cost  

 

In addition to contaminant removal efficiency, user 

safety, food safety, and the initial purchase price of a 

PAW generation unit, the operational cost of using 

PAW as a cleaning agent compared to conventional 

tap water is a critical factor influencing its adoption in 

household settings. The PAW generation system 

developed in this study employs ambient air as the 

plasma-generating gas and tap water as the feed liquid. 

Consequently, the primary difference in process costs 

when using PAW as a cleaning agent compared to tap 

water is the energy cost. This can be calculated based 

on the total energy consumed by the system and the 

electricity cost per kilowatt-hour (kWh). 

Based on the data presented in Section 3.1, the 

total electrical power consumption of the flow-

through plasma-activated water generator system was 

268.4 W. Using an average electricity rate for 

residential users in Thailand of 4.3 THB/kWh, and 

considering that the flow-through PAW generator can 

produce 300 mL of PAW per minute, the electricity 

cost for producing 1 L of PAW is 0.0641 THB. At an 

exchange rate of 1 THB = 0.0300 USD, the estimated 

electricity cost is approximately 0.00192 USD per liter 

of PAW produced. 

 

4 Conclusions 

 

This study developed and characterized an improved 

flow-through plasma-activated water generator for 

household food safety applications, emphasizing 

enhanced safety, antimicrobial efficacy, and practical 

feasibility. The developed system demonstrated 

effective microbial reduction in raw oyster meat, 

achieving up to 93.5% reduction in total viable counts 

after two rinse cycles—significantly outperforming 

sterile distilled water. Furthermore, residual nitrite and 

nitrate levels in PAW-treated oysters remained well 

within the acceptable daily intake (ADI) limits 

established by JECFA, ensuring consumer safety even 

with high intake scenarios. 

Key safety improvements over the previous 

design include a 99.6% reduction in patient leakage 

current (from 623 µA to 2.5 µA), and a 25.7-fold 

reduction in NO2 emissions (from 7700 ppb to 300 

ppb), both of which are now compliant with 

international safety thresholds such as IEC DIN EN 

60601 and Thailand’s NAAQS. These improvements 

were achieved through a dual-chamber plasma reactor 

design, integrated gas containment features, the 

installation of an RCBO (IEC 61009-1), and 

optimization of electrode configurations with safety 

grounding to enhance plasma stability and reduce the 

risk of leakage current. 

From an environmental perspective, PAW offers 

a favorable footprint relative to traditional sanitizers, 

as it is generated on-demand using only tap water and 

ambient air, without chemical additives or surfactants. 

It produces minimal residual waste and avoids 

chemical runoff, making it a sustainable alternative for 

domestic food decontamination. 

In terms of practical feasibility, the developed 

system operates at an energy cost of approximately 

0.00192 USD per liter of PAW produced, making it 

cost-effective for daily household use. Its compact 

design, low operating temperature (< 40 °C), and one-
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pass generation capability support ease of integration 

into typical home settings. 

Overall, the findings of this study support the use 

of this improved PAW generator as a safe, efficient, 

environmentally responsible, and economically viable 

alternative to conventional chemical sanitizers in 

household food hygiene. 
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