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Abstract. Plasma-activated water (PAW) is increasingly used as an antimicrobial washing agent in
biomedical and agricultural industries. In this study, an industrial prototype plasma jet utilizing an
adjustable 500 W radio frequency (RF) power supply was developed for generating reactive species
in water. A laboratory-scale plasma jet was firstly set up to test the effect of plasma on water. After
activating 100 mL tap water by air plasma for 60 min, over 500 mg/I nitrate (NOs~) and 5 mg/I nitrite
NO2z~ were obtained consistent with the increased electrical conductance and the pH reduction. For
the industrial prototype, 60 ppm of hydrogen peroxide (H202) was obtained from the activation of
300 ml water for 120 min. Substituting air by argon drastically increased the H202 concentration.
Although the water substantially evaporated during the plasma activation in vacuum, the low-pressure
chamber is advantageous in enhancing H202 generation. With the water circulation, the PAW can
continuously be produced with sufficient reactive species using a shorter activation time. The pressure
and the type of gas, as well as the frequency and power in plasma generation, are all adjustable. Cost-
effective PAW for industrial sanitization and other research purposes, including stimulation of seed
germination and plant growth, can be generated by this flexible system.

Key words: non-thermal plasma, plasma jet, plasma-activated water, reactive species, microbial
decontamination.

1. INTRODUCTION

Non-thermal atmospheric plasma is increasingly implemented in biomedical and agricultural sectors
[1, 2], because it generates reactive oxygen-nitrogen species (RONS). Essential intermediate and long-live
species are hydrogen peroxide (H.0O;), ozone (Os), nitrate (NOs), and nitrite (NO;"). Electrons, ions,
ultraviolet radiation, and electric field in the plasmas also affect biological cells. Before the 2010s, plasma
treatments on fruits were primarily aimed at microbial decontamination. Subsequently, the effects of
oxidations and induced metabolic pathways on shelf life, sensory, and nutritional qualities of fruits and fruit
products have been explored [3]. Non-thermal plasmas were also used to treat meat and dairy products [4].

In non-thermal plasmas, the electron temperature may be as high as 10,000 K, but the ions remain at
around the ambient temperature. Their applications are predominantly in the forms of dielectric barrier
discharge and plasma jet [1, 4, 5]. The former deploys ceramic materials as high-voltage electrodes for short-
pulse or high-frequency power supply to produce a large volume of plasma and ozone. On the other hand,
the plasma jet is directed as a plume with a high velocity. These plasma packets propagate through the air
and interact with targeted solids and liquids. Improved properties by such interactions lead to extensive use
of plasma jets in material processing.
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Plasma-activated water (PAW) has become a versatile antimicrobial washing agent for disinfection,
wound healing [5], and food decontamination [6]. Reactive species with disinfecting effects on biological
tissues are generated in water upon discharging plasma either above or below water surface as described in
the literature [7-11]. The effect of PAW on biofilms made it a helpful alternative to the direct plasma
exposure in medical treatments and food processing [5, 11]. Applying plasma directly may damage food
colors and bioactive compounds during surface sterilization and sanitation [7, 12]. The oxidative effect in
lipids by the plasma exposure tends to degrade meat products [4]. Thawing frozen chicken by PAW, Qian et al.
found a reduction in microbial contamination and improved protein characteristics [13]. Chaijan et al. used
PAW to extend the shelf life of Asian sea bass steaks [14], and its storage ability was further improved by
combining PAW soaking with appropriate coating [15]. PAW applications on vegetables and fruits range from
decontaminating rocket leafy salads [16] and broccoli sprouts [12], to prolonging goji berries storage [17].

The non-thermal plasma versatility is extended to seed germination stimulation because traditional
processes use substantial chemicals for eliminating bacteria on the seed surface. Non-thermal plasma
treatments on cereal seeds were carried out by Brasoveanu et al. [18], whereas Mosovska et al. used PAW to
treat soybean seeds [19]. Effects of PAW on plant growth were also reported, as exemplified in lettuce [20].
Regarding the safety of PAW, recent investigations have ruled out short-term toxic effects [5, 21].

With increasing PAW applications, the plasma jet system for activating water is growing in demand.
Most systems used in the literature were on laboratory scale [3, 6]. The effects of the system’s geometry
have been investigated [22, 23]. For dielectric barrier discharge, the PAW production can be enhanced using
a bipolar pulse modulator [24]. The dielectric barrier discharge is generally recommended for O3
enhancement, whereas the plasma jet gives rise to high concentrations of NOs~ and NO, [25]. This work
demonstrates the development of plasma jet systems for generating NO3/NO2; and H.O in water. The
laboratory setup firstly assessed the influence of plasma on water characteristics. The system was then
enlarged for industrial use, and reactive species were then measured in water treated by the industrial
prototype plasma jet.

2. EXPERIMENTAL

2.1. Development of Plasma Jet Systems

The laboratory-scale setup, schematically shown in Fig. 1a, released a plasma jet through a hollow
Pyrex glass tube of 6 mm diameter with a 2 mm inner diameter (Fig. 1b). The tube was 10 cm in length with
one taper end. The other end of the tube is fixed in a 3D-printed polylactic (PLA) cavity. Either argon or air
was fed into this cavity, sealed by o-rings. Tungsten rod electrode was placed through the middle of the
tube’s cross-section. This 1.6 mm-diameter rod was connected to a high-voltage radio frequency (RF) power
supply. This lab-made power supply was developed based on the system designed for generating dielectric
barrier discharge [26]. An impedance matching with around 7.5 pF plasma was needed. The plasma jet was
generated using the voltage from 1 to 10 kV with a 50-500 kHz frequency range.

The industrial prototype generated plasma jet at the low pressure, reducing electron collisions with air,
to increase the water activation. The system in Fig. 2 incorporated a 5 | vacuum chamber, a water ring
vacuum pump (Joto 2BV2060), and a RF power supply adjustable up to 500 W. A stainless steel rod
electrode inside a hollow glass tube was used to discharge the plasma jet. Air, oxygen, or inert gas could be
selected as feeding gases. A gas flow control system regulated the pressure in the plasma generation. This
prototype costed only around 2,500 USD. This budget was predominantly on the vacuum system, i.e.,
vacuum chamber and flanges (~800 USD), gauge (~100 USD), and water ring vacuum pump (~460 USD).
The high-voltage, RF power supply was assembled in the laboratory costing around 1000 USD. The
remaining expenses were on pipes and valves (~80 USD) as well as electrode and glass (~60 USD). The
electricity consumption was approximately 0.06 USD/h.
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Fig. 1 — (a) schematic diagram and (b) photographic images of the laboratory plasma jet.
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Fig. 2 — a) Schematic diagram; b) photographic images of the industrial prototype plasma jet system.

2.2. Preparation and characterization of PAW

The tip of the laboratory-scale plasma jet was placed 0.5 cm above a beaker containing 100 ml tap
water. In the industrial prototype, the plasma jet treated 40-1000 ml tap water filled in a cup inside the
chamber of 36-760 torr. Exposed to the plasma jet up to 150 min, the pH and electrical conductivity in
activated water were monitored by Mettler Toledo Seven Compact pH/lon meters every 30 min. PAW was

also characterized using semi-quantitative “Quantofix” test strips (Macherey-Nagel), namely Nitrate/Nitrite
for NO3;/NO™ and Peroxide 100 for H,O..

3. RESULTS AND DISCUSSION

The plasma plume generated by the laboratory setup using 8 kV and 66 kHz is shown in Fig. 1b. At an
electric current of 20 mA, the purple glow discharge is stable. By activating water with the plasma jet, water
characteristics drastically change since the initial period. The electrical conductance shown in Fig. 3a is
steeply increased from the minimal with an almost linear variation during the 150 min activation. Such
increase is consistent with the RONS generation in water by plasma. In Fig. 3b, the pH value exhibits a rapid
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reduction from 5.8 to 2.6 after 30 min. The pH then steadily decreases to 1.7 at the end of 150 min treatment.
This pH reduction, corresponding to positive hydrogen ions (H*) from dissociation processes in PAW, was
consistent with the literature [17, 19, 25, 27]. When the argon gas replaced the air, the test water was reduced
to 40 mL, following previous reports that the pH reduction by argon plasma was slower [25, 28]. As shown
in the inset of Fig. 3b, the reduction in pH to less than 2 was obtained within 60 min.
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Fig. 3 — a) Electrical conductance; b) pH of 100 mL of tap water activated by air plasma from the laboratory setup up to
150 min. The pH of 40 mL of water activated by argon plasma up to 60 min is compared in the inset of (b).

Table 1
NOs~and NO2™ concentrations in 100 ml tap water activated by air plasma up to 150 min
Concentration Activation time (min)
(mg/L) 0 30 60 90 120 150
NO3~ 0 100 500 >500 >500 >500
NO,~ 0 1 5 10 10 10

The negligible NOs;~ and NO;™ concentrations in tap water before plasma treatments were recorded as a
control. The detectable changes after 30 min in Table 1 confirm the generation of reactive species in water.
The energy from the plasma jet dissociates Nz, O2, and water molecules. Subsequent reactions lead to NOs~
and NO;™ [5, 27]. Within 60 min, the NO3;~ concentration rapidly reaches 500 mg/l, whereas the NO;~
concentration increases to 5 mg/l. The rapid NOs™ generation is often reported and does not follow the linear
increase in the one-film theory model [9].

The industrial prototype was adjusted to obtain 105 W and 135-138 kHz for plasma generation. With
the airflow rate of 4 I/min, the plasma plume is dispersive, as shown in Fig. 2. Nevertheless, the effects on
the water conductivity and pH (not shown here) are comparable to those obtained from the laboratory setup.
The industrial prototype was further tested with increasing water to 300 mL and H»O, was measured based
on peroxidase enzymatic activity. The results in Fig. 4 shows the H.O. generation by the plasma activation.
The increase in concentrations after 20 min is approximately linear, reaching 60 ppm at 120 min. However,
such a plasma exposure inside a low-pressure chamber significantly evaporates the water, reducing the
volume to 236 ml.

Figure 5 shows the results when the power supply of the industrial prototype is adjusted to 70 W. This
power reduction could be advantageous in reducing the energy consumption and water loss during the
plasma activation. The H,O, concentration in PAW of varying volume is measured at 10-40 min and
compared in Fig. 5a. By activating the 300 and 200 ml tap water for 40 min, the concentration is 30 and 60
ppm, respectively. In the case of 100 ml, the H,O- steeply rises to 20 ppm within 10 min and reaches 90 ppm
after 40 min of activation. The activation time could be selected for each batch based on this result. To
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explore the possible increase in H,O, generation, the gas and pressure inside the chamber are varied. From
Fig. 5b, the use of low pressure substantially enhances the H.O, concentration in PAW. By reducing the
pressure from 760 torr down to 120 torr, the H,O; in the 100 ml water after exposing to either air or oxygen
plasma for 10 min is increased by over four times. Using the argon plasma, the higher H,O, concentration of
10 ppm is obtained from the activation at the atmospheric pressure and the pressure effect is not as
pronounced, saturating around 20 ppm at 250 torr and less. Argon plasmas tend to increase RONS and hence
microbial inhibition. It has been reported that argon plasmas prevent radical quenching reactions and
therefore increase bacteria inhibition compared to air [22, 25], whereas Os concentration is enhanced using
oxygen plasma. However, industrial applications tend to exploit the cost-effective air plasma [7].
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Fig. 4 — H202 concentration and water loss by activating 300 ml tap water with air plasma in the industrial prototype.
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Fig. 5 — H202 concentration in PAW from the industrial prototype as a function of: a) activation time from 10 to 40 min by
argon plasma under 125 torr with varying water volume; b) pressure of 120-760 torr with varying gas
after 10 min activation of 100 ml tap water.

The results in Fig. 5 demonstrate that the proposed industrial prototype plasma jet produce PAW in a
larger bath than those obtained from the laboratory setup. With this low-cost and flexible system, the pH,
electrical conductance, and RONS concentrations in PAW can be regulated by adjusting gas and RF supplies
[5]. However, the water loss by evaporation in vacuum and electrical consumption must be controlled in the
large-scale implementation. For cost-effectiveness, the RF power of 70-105 W should be sufficient to
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stabilize plasma for generating RONS and the activation time can be selected according to the desirable
water volume and RONS concentration. Moreover, the pressure inside the chamber must be adjusted
depending on the gas species to control the water evaporation.

Finally, the prospects of modifying and developing the industrial prototype plasma jet are discussed.
The PAW production rate higher than 1 I/h can be obtained from this prototype, because the changes in water
after activating for 60 min are larger than those in typical PAW applications. For example, the pH of PAW
around 4 was implemented [27]. Stoleru et al. treated lettuce using PAW with NO3;~ concentrations of 3 mg/I
[20], much less than 500 mg/l obtained in Table 1. PAW with sufficient RONS from a shorter plasma
exposure can be continuously produced using a circulation system. The system connecting the chamber to a
water reservoir for circulation and storage. The system is applicable to any supply type of water, but the
effectiveness may be reduced in the presence of trace metals and organic substances [8].

4. CONCLUSION

Two non-thermal plasma jet systems were developed for generating RONS in water. The treatment of
100 ml water by air plasmas from the laboratory-scale setup for 150 min, increased the electrical
conductivity and decreased the pH down to 1.8. Such changes were also obtained by argon plasmas. The
concentrations of NO;™ and NO;™ in water respectively reached 500 and 5 mg/l within 60 min of activation.
Replacing air by argon plasma in the industrial prototype increased the H.O, concentration in PAW. Lower
gas pressure inside the chamber down to 120 torr enhanced the H.O, generation. However, the substantial
water evaporation by prolonged plasma exposure in vacuum must be considered. Shorter plasma treatments
with sufficient RONS could increase the PAW production in the circulation system.

ACKNOWLEDGMENTS

This research was funded by the Agricultural Research Development Agency (Grant No.
CRP6005020130). The facility support by the Center for Scientific and Technological Instruments, Walailak
University, is gratefully acknowledged.

REFERENCES

1. M. LAROUSSI, Cold plasma in medicine and healthcare: The new frontier in low temperature plasma applications, Frontiers
in Physics, 8, art. no. 74, 2020.

2. D.A. LAROQUE, S.T. SEO’, G.A. VALENCIA, J.B. LAURINDO, B.A.M. CARCIOF, Cold plasma in food processing:
Design, mechanisms, and application, Journal of Food Engineering, 312, art. no. 110748, 2022.

3. F.AN.FERNANDES, S. RODRIGUES, Cold plasma processing on fruits and fruit juices: A review on the effects of plasma on
nutritional quality, Processes, 9, 12, art. no. 2098, 2021.

4. H.B. JADHAV, U. ANNAPURE, Consequences of non-thermal cold plasma treatment on meat and dairy lipids: A review,
Future Foods, 4, art. no. 100095, 2021.

5. S.KIM, C.H. KIM, Applications of plasma-activated liquid in the medical field, Biomedicines, 9, 11, art. no. 1700, 2021.

6. Q. WANG, D. SALVI, Recent progress in the application of plasma-activated water (PAW) for food decontamination, Current
Opinion in Food Science, 42, pp. 51-60, 2021.

7. Z.ZHAO, X. WANG, T. MA, Properties of plasma-activated water with different activation time and its effects on the quality
of button mushrooms (Agaricus bisporus), LWT-Food Science and Technology, 147, art. no. 111633, 2021.

8. Y. WANG, Y. LIU, M. LI, M. MA, Q. SUN, Evaluation of the storage stability and quality properties of fresh noodles mixed
with plasma-activated water, Foods, 11, 1, art. no. 133, 2022.

9. J A SILSBY, S. SIMON, J.L. WALSH, M.l. HASAN, The influence of gas—liquid interfacial transport theory on numerical
modelling of plasma activation of water, Plasma Chemistry and Plasma Processing 41, pp. 1363-1380, 2021.

10. G.J. LEE, P. LAMICHHANE, S.J. AHN, S.H. KIM, M.A. YEWALE, C.E. CHOONG, M. JANG, E.H. CHOI, Nitrate capture
investigation in plasma-activated water and its antifungal effect on Cryptococcus pseudolongus cells, International Journal
of Molecular Sciences, 22, 23, art. no. 12773, 2021.

11. A. MAI-PROCHNOW, R. ZHOU, T. ZHANG, K. OSTRIKOV, S. MUGUNTHAN, S.A. RICE, P.J. CULLEN, Interactions of
plasma-activated water with biofilms: Inactivation, dispersal effects and mechanisms of action, npj Biofilms and
Microbiomes, 11, art. no. 11, 2021.



7 Development of industrial prototype for activating water by plasma jet 359

12. D.ZHANG, Y. LIU, X. LI, J. XIAQ, J. SUN, L. GUO, Inactivation of Escherichia coli on broccoli sprouts via plasma activated
water and its effects on quality attributes, LWT-Food Science and Technology, 154, art. no. 112761, 2022.

13. J. QIAN, L. YAN, K. YING, J. LUO, H. ZHUANG, W. YAN, J. ZHANG, Y. ZHAO, Plasma-activated water: A novel frozen
meat thawing media for reducing microbial contamination on chicken and improving the characteristics of protein, Food
Chemistry, 375, art. no. 131661, 2022.

14. M. CHAIJAN, S. CHAIJAN, A. PANYA, M. NISOA, L.Z. CHEONG, W. PANPIPAT, High hydrogen peroxide concentration-
low exposure time of plasma-activated water (PAW): A novel approach for shelf-life extension of Asian sea bass (Lates
calcarifer) steak, Innovative Food Science and Emerging Technologies, 74, art. no. 102861, 2021.

15. M. CHAINJAN, S. CHAIJAN, A. PANYA, M. NISOA, L.Z. CHEONG, W. PANPIPAT, Combined effects of prior plasma-
activated water soaking and whey protein isolate-ginger extract coating on the cold storage stability of Asian sea bass
(Lates calcarifer) steak, Food Control, 135, art. no. 108787, 2022.

16. P. DIMITRAKELLIS, M. GIANNOGLOU, Z.M. XANTHOU, E. GOGOLIDES, P. TAOUKIS, G. KATSARQOS, Application
of plasma-activated water as an antimicrobial washing agent of fresh leafy produce, Plasma Processes and Polymers, 18,
12, art. no. 2100030, 2021.

17. K.P. CONG, T.T. LI, C.E. WU, K.F. ZENG, J.H. ZHANG, G.J. FAN, Y. PAN, J.H. WANG, A.D. SUO, Effects of plasma-
activated water on overall quality of fresh goji berries during storage, Scientia Horticulturae, 293, art. no. 110650, 2022.

18. M. BRASOVEANU, M.R. NEMTANU, C. SURDU-BOB, G. KARACA, |. ERPER, Effect of glow discharge plasma on
germination and fungal load of some cereal seeds, Romanian Reports in Physics, 67, 2, pp. 617-624, 2015.

19. S. MO'SOVSKA’, V. MEDVECKA’, M. KLAS, S. KYZEK, L. VALIK, A. MIKULAJOVA’, A. ZAHORANOVA,
Decontamination of Escherichia coli on the surface of soybean seeds using plasma activated water, LWT-Food Science
and Technology, 154, art. no. 112720, 2022.

20. V. STOLERU, R. BURLICA, G. MIHALACHE, D. DIRLAU, S. PADUREANU, G.-C. TELIBAN, D. ASTANEI,
A. COJOCARU, O. BENIUGA, A. PATRAS, Plant growth promotion effect of plasma activated water on Lactuca sativa
L. cultivated in two different volumes of substrate, Scientific Reports, 10, art. no. 20920, 2020.

21. V. NASTASA, AS. PASCA, R.N. MALANCUS, A.C. BOSTANARU, L.I. AILINCAI, E.L. URSU, A.L. VASILIU,
B. MINEA, E. HNATIUC, M. MARES, Toxicity assessment of long-term exposure to non-thermal plasma activated water
in mice, International Journal of Molecular Sciences, 22, 21, art. no. 15534, 2021.

22. R. BURLICA, D. ASTANEI, D.E. CRETU, 1.D. DIRLAU, O. BENIUGA, S. PADUREANU, V. STOLERU, A. PATRAS,
Non-thermal plasma T-shaped reactor for activated water production, Environmental Engineering and Management
Journal, 20, 3, pp. 397-404, 2021.

23. K. HADINOTO, J.B. ASTORGA, H. MASOOD, R. ZHOU, D. ALAM, P.J. CULLEN, S. PRESCOTT, F.J. TRUJILLO,
Efficacy optimization of plasma-activated water for food sanitization through two reactor design configurations,
Innovative Food Science and Emerging Technologies, 74, art. no. 102867, 2021.

24. S.H. SONG, H.J. RYOO, Solid-state bipolar pulsed power modulator for high-efficiency production of plasma activated water,
IEEE Transactions on Industrial Electronics, 68, 11, pp. 10634-10642, 2021.

25. L.LE. VLAD, C. MARTIN, A.R. TOTH, J. PAPP, S.D. ANGHEL, Bacterial inhibition effect of plasma activated water,
Romanian Reports in Physics, 71, 2, art. no. 602, 2019.

26. M. NISOA, D. SRINOUM, P. KERDTHONGMEE, Development of high voltage high frequency resonant inverter power
supply for surface glow barrier discharges, Solid State Phenomena, 107, pp. 81-86, 2005.

27. M. ALI, J.H. CHENG, D.W. SUN, Effect of plasma activated water and buffer solution on fungicide degradation from tomato
(Solanum lycopersicum) fruit, Food Chemistry, 350, art. no. 129661, 2021.

28. N. BOLOUKI, W.H. KUAN, Y.Y. HUANG, J.H. HSIEH, Characterizations of a plasma-water system generated by repetitive

microsecond pulsed discharge with air, nitrogen, oxygen, and argon gases species, Applied Sciences, 11, 13, art. no. 6158,
2021.

Received March 12, 2022






