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Abstract. Plasma activated water (PAW) is a new approach to bacterial inactivation while ensuring safety and maintaining 

the properties of the material sterilized. Reported research imply that PAW has been effective for inactivation of bacteria. 

In this paper, plasma treatment using atmospheric pressure plasma was demonstrated. Physicochemical properties such as 

pH, temperature, ORP, and nitrite concentration were assessed. The results suggest that plasma treatment causes 

acidification on water and generate reactive species, creating an environment suitable for killing bacteria. Therefore, plasma 

activated water is an assuring method for medical devices sterilization. 
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INTRODUCTION 

Bacterial control and decontamination are crucial to reusable medical devices. Generally, medical devices are 

treated to sterilize mainly by heat, γ - radiation, or hydrogen peroxide (H2O2) [1]. However, heat sensitive materials, 

such as bio-compatible polymer, are normally inapplicable using oven or autoclave sterilization processes which have 

minimal temperature of 121 oC [2]. A dry sterilization process at room temperature is a treatment using γ -radiation 

of a Cobalt 60 source in the wavelength range from 0.001 nm up to 0.01 nm [3]. Nevertheless, this sterilization method 

is expensive and γ -radiation is known to change the material characteristics. A common sterilization method is to use 

H2O2 and heat [4], [5]. Nevertheless, the problem with this method is the residue of H2O2 on the surface and in the 

material. A new sterilization method allowing the treatment of heat sensitive materials and without toxic residues are 

desired [6]. Plasma technology has been an emerging and promising technologies for sterilization medical devices [7]. 

Plasma produced at atmospheric pressure has recently received attention due to its flexibility, easy operation and 

low cost compared to plasma produced in vacuum environments [8]–[10]. Generally the atmospheric plasma is a cold 

plasma, a plasma that has a low temperature [11]. Plasma generation apparatuses are divided into plasma jet systems 

and the dielectric barrier discharge (DBD) plasma devices based on their structure and fundamental characteristics. 

Plasma DBD has an advantage over plasma jet, which it does not require gas container to provide gas flow. DBD 

consists of a pair of electrodes covered by an isolator to avoid thermal damage, and a high voltage-power supply. 

DBD Plasma  is easy to produce in atmospheric conditions using simple equipments. Since DBD can have different 

characteristics depending on the concentration of activated species between the electrodes, plasma DBD has been 

widely used in industrial applications such as ozonizer and surface modification [12]. 

The mechanism of DBD plasma generation has not been clearly understood. However, many researchers suspect 

that when electrodes were given a sufficiently high AC voltage to produce an electron-ion pair, asymmetric elecrric 

field is formed and gas near the electrodes was ionized. As the charged particles accelerated toward the insulated 

electrode, the particles collide and transfer the momentum to the surrounding gas. Thus, the gas near the electrode was 
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attracted to the insulated electrode. This movement of gas was referred to as an induced flow [13]. The waveform of 

AC voltage given to the electrodes affects the velocity profile of the induced flow. These sinusoidal waves composes 

the carrier signals required to produce and maintain the plasma and are expected to contain mono-frequential 

components [14]. For plasma-activated liquids, the amount and nature of reactive species produced depend heavily on 

the inducing the discharge (e.g Ar, O2, N2, air) enzymes and affect the effects of inactivation [15]. 

In this study, atmospheric pressure plasma was utilized to generate plasma. Plasma then was used as source to 

produce plasma-activated water (PAW) as a media for sterilization medical devices. PAW has been reported by several 

groups that this solution was effective in killing bacteria [16–20]. In this paper, we reported measurement of the PAW 

compositions, i.e. pH, ORP, H2O2, and nitrite, that are responsible for inactivation bacteria.   

MATERIALS AND METHODS 

A schematic of plasma-activated water generation is shown in Figure 1. The plasma-activated water was generated 

indirectly by atmospheric pressure plasma device 20 mm above the water surface. 15 mL of distilled water were 

treated by atmospheric pressure plasma different treatment time. The power electrode is connected to ~10-kHz, 

sinusoidal, high-voltage source with ~10-kV. 

For the purpose of medical device sterilization, the physicochemical properties of water were analyzed. pH water 

was measured using a pH meter (Az Instrument 8692, Taiwan). Oxidation-reduction potential (ORP) of the activated-

water was measured using a ORP Meter (AZ Instrument 8552, Taiwan). The pH and ORP of the PAW were all 

measured immediately after PAW generation.  The values of nitrite and hydrogen peroxide were estimated using 

quantitative test. The test was evaluated by color indication and the results were compared visually to a color chart 

provided on each test strip container.  

 

 

 

FIGURE 1. Schematic of the plasma-activated water generation using atmospheric pressure plasma device and distilled water. 

 

RESULTS AND DISCUSSION 

The pH value of PAW dropped significantly from 7.03 to 3.52 during 3 minutes of treatment as shown in Figure 

2, implying that the water has undergone acidification.  Similar results were also shown by some previously published 

research, such as [9] where after plasma treatment the pH value dropped to 2.7 and at [21] the pH value fell to 3.7, 

indicating that plasma treatment led to water acifification. The decrease in pH was due to dielectric barrier discharge 

(DBD) exposed to water at room temperature, which at the same time also produces a solution containing hydrogen 

peroxide (H2O2), nitrate (NO3) and nitrite (NO2). In addition, it was known that acidic solutions are highly effective 

in bacterial inactivation. Several groups have studied the impact of acidified to reduce bacterial colony formation. 

Naitali et al [22] studied that acidified solution yielded 0.4-log reduction, while Burlica et al [17] studied that acidified 

solution approximately contributed a 2-log reduction in bacterial colony formation. 
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FIGURE 2. pH value of plasma-activated water 

 

Temperature changes of PAW are shown in Figure 3. Increment of PAW temperature occured as a result of 

heating during plasma generation. However, the maximum temperature (28.3o C) is still acceptable for medical device 

sterilization, because the temperature is not too hot. 

 

 
 

FIGURE 3. Temperature of plasma-activated water 

 

Beside pH, the “active agent” underlying sterilization process is a reactive chemical species, such as reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) created in plasma [23]. To evaluate the global level of 

ROS, an indicator is needed that is oxidation reduction potential (ORP). ORP is the potential (voltage) between the 

oxidation reaction occurring at the (positive) anode and the cathode (negative) reduction reaction in the 

electrochemical cell. In other words, from a microbial perspective, the higher the ORP, the higher the oxidation ability 

of a solution to take the electrons from the cell membrane of the bacteria, causing the cell to be unstable and leaky, 

resulting in rapid death the bacteria [24]. 
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Figure 4 an increment in the value of ORP of PAW, indicating that the longer the treatment, the more ROS 

generated and the more effective PAW becomes to inactivate bacteria.  Based on [24], ORP values could be real time 

monitoring of water disinfection. Bacteria, such as E. coli O157:H7 and Salmonella spp., can survive more than 300 

seconds on the ORP less than 485, while killing bacteria in less than 30 seconds requires an ORP level greater than 

650 mV. Therefore, for quick sterilization proceess, plasma treatment time should be extended more than 3 minutes. 

 

 
 

FIGURE 4. ORP of plasma-activated water 

 

Beside ROS, reactive nitrogen species (RNS) such as nitrite and nitrate also play important role in bacteria 

inactivation. Thus, nitrite concentration in PAW were also measured and the results are shown in Figure 5. The graph 

shows that the concentration of nitrite increases with treatment time. It is known that a solution containing a nitric ion 

with a pH below 4-5 is antimicrobial. Acidified nitrite solution is effective as a disinfectant on the surface as stated in 

[25]. In addition, Morfill et al [26] shows that nitrite, H2O2 and low pH are synergistic to produce an antrimicrobial 

effect. 

 

 
 

FIGURE 5. NO2 concentration of plasma-activated water 
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In general, plasma treatments causes changes in water properties both physically, which is observed in the change 

of water temperature, and chemically, which is observed in the change of reactive species level and concentration, as 

conclude in Table 1.  

TABLE 1. Changes in parameter values over time of plasma-activation 

Parameters 
Plasma Activation Time 

0 min 1.5 min 3 min 

pH value 7.03 5.38 3.52 

Temperature (oC) 26.2 27.0 28.3 

ORP (mV) 236 247 359 

NO2 (mg/l) 0.06 0.10 0.20 

CONCLUSION 

We demonstrated PAW using atmospheric pressure plasma for 3 minutes to observe physicochemical changes in 

water. Results show that plasma treatment caused acidification on water and generated reactive species which were 

observed from increased ORP and nitrite concentration. The physicochemical properties of PAW show that PAW 

contain acidic solutions (∼pH 3), nitrite (𝑁𝑂2
−), as well as other species. The acidity of the solution along with ROS 

and RNS generated are the central of its effectiveness in bacterial inactivation. This results suggests that PAW has 

suitable characteristics for inactivation of bacteria and as a media for sterilization medical devices. Further study shall 

more completely elucidate the concentration species in PAW. 
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