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Abstract

:

In this work, we developed a portable device with low production and operation costs for generating an ambient air low-current arc (AALCA) that is transferred to the surface of a treated liquid. It was possible to generate a stable discharge, irrespective of the conductivity of the treated liquid, as a sequence of corona, repeating spark, and low-current arc discharges. The estimated concentration of reactive oxygen and nitrogen species (RONS) in plasma-treated water (PTW) produced using AALCA treatment was two orders of magnitude higher than that of PTW produced using conventional He nonequilibrium atmospheric pressure plasma jets or dielectric barrier discharges. The strong bactericidal effect of the treatment using AALCA and the water treated using AALCA was confirmed by survival tests of Escherichia coli. Further, the possibility of treating a continuous flow of liquid using AALCA was demonstrated.
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1. Introduction


Recently, treatment of liquids using various atmospheric pressure plasmas has attracted much attention owing to its wide range of possible applications, such as synthesis of nanocarbons and nanoparticles, sterilization of microorganisms, growth enhancement of plants, plasma farming, cancer therapy, and water purification [1,2,3,4,5,6,7,8,9,10,11,12,13]. Typically, low-temperature nonequilibrium atmospheric pressure plasma jets (NEAPPJs) or dielectric barrier discharges (DBDs) are used for activation of liquids by plasma [5,12,13,14,15,16]. However, in both the case of atmospheric pressure plasma jet (APPJ) and DBD, the production rate of reactive oxygen and nitrogen species (RONS), which play key roles in bactericidal effect and plant growth promotion, is low and irradiation of the liquid takes a long time (from several minutes to hours) due to the low density of the plasma [5,12,13,14,15,16,17,18,19,20,21]. Moreover, in most cases, plasma is generated using pure gases (e.g., argon, helium, or oxygen) at a high voltage, so a substantial amount of electrical energy is required to sustain the discharge and only a limited volume (typically several milliliters) of medium can be treated at one time [4,7,17,19,20,21,22]. The low efficiency, the requirement of pure gases, and the limited volume of liquid that can be treated make plasma-treated water (PTW) expensive and its use in medicine and agriculture impossible. The most promising method for effective and low-cost production of PTW is treating liquids with high-density plasma generated by using air as a process gas [3,18,23,24,25,26]. Furthermore, it may be possible to scale up production and reduce the cost of PTW by applying plasmas generated in ambient air to treat a continuous flow of liquid. Several works have reported on treating a liquid flow using air as the process gas, however, the major drawback of these studies is the considerably low production rate of RONS, which limits the wide application of the produced PTW [13,15,18,27,28].



Typically, cold nonequilibrium plasmas are used for biomedical and agricultural applications to avoid thermal damage of the treated target [12,13,29,30]. However, in the case of using liquids treated by plasma, a plasma-treated medium (PTM) could be stored after treatment to reduce the temperature and for use after storage considering the presence of the long-living RONS [31,32]. For that reason, thermal and warm plasmas could be used for irradiation of medium following the cooling of PTM and use in biomedical applications. Considering the high efficiency of arc or gliding arc discharges in the decomposition of CO2 and other gases and the effective production of RONS, this type of discharge could also be employed for the effective generation and fast delivery of RONS to the target liquid [3,25,33,34]. There are many works on the generation of arc and discharges and other types of plasmas inside or on the surface of highly conductive liquids using various configurations and experimental conditions, however, generation of high-density plasma transferred to the surface of deionized water (DI) or other liquids with low electrical conductivity in ambient air is still challenging owing to the relatively high electric currents required for the stable generation of the discharge [10,11,18,23,35,36,37,38,39]. It appears that it is possible to generate a low-current arc in ambient air that can be transferred to the surface of a liquid that has low electrical conductivity by using a high-voltage pin electrode as the anode and the target liquid as the cathode. In this work, we developed a simple and compact generator for direct treatment of liquids using an ambient air low-current arc (AALCA) and analyzed the discharge process and production rate of RONS.




2. Materials and Methods


2.1. Experimental Setup


The experimental setup is presented in Figure 1. A plasma discharge was generated in ambient air between the needle electrode (cut of stainless-steel wire, 751487, Nilaco, Tokyo, Japan) and the surface of the liquid by applying a positive high voltage to a needle electrode (anode). A grounded ring electrode (Ni wire, NI-311386, Nilaco, Tokyo, Japan) was introduced into the liquid, and during the discharge, the grounded liquid was used as a cathode. Using the needle electrode as the anode allowed us to avoid strong heating and melting of the electrode.



A high voltage was produced by a custom power supply consisting of a regulated direct current power supply (DC PSU), a push–pull generator, a high-voltage transformer, a diode rectifier, and a reservoir capacitor. The voltage and current waveforms during the discharge were monitored using a high-voltage probe (P6015A, Tektronix, Beaverton, OR, USA) and a current probe (2877, Pearson Electronics Inc., Palo Alto, CA, USA), and stored in a digital oscilloscope (TBS2000, Tektronix Beaverton, OR, USA). The discharge gap between the surface of the liquid and the pin of the needle electrode was set at 8.5 mm using a micromanipulator.



The optical emission spectrum from the plasma was recorded using a multichannel spectrometer (Maya 2000 Pro, Ocean Optics, Largo, FL, USA) with a measurement range of 200–665 nm and a quartz optical fiber (QP1000-2-SR, Ocean Optics, Largo, FL, USA).




2.2. Investigation of Properties of the Treated Water


DI water (18.2 MΩ∙cm at 25 °C) was produced by a Direct-Q 3UV (Millipore, Tokyo, Japan) system. To compare the performance of the developed AALCA to commonly used plasma sources, DI water was treated using AALCA, a commercially available NEAPPJ (PN-110/120TPG, NU Global Co., Ltd., Nagoya, Japan) [40], and a high-density nonequilibrium atmospheric pressure radical source (NEAPRS, Tough Plasma FPA10, Fuji MFG Co., Ltd., Tokyo, Japan) [4,31,41].



The concentration of H2O2 in the produced PTW was measured using high-performance liquid chromatography (HPLC) with an electrochemical detector (ECD-700s, Eicom, Kyoto, Japan) and a column (5020-07146 Inertsil CX, 5 µm, 4.6 × 250 mm, GL Sciences, Torrance, CA, USA). Concentrations were estimated from the measured HPLC spectra of PTW using the calibration curve obtained from H2O2 (081-04215, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) diluted to various concentrations.



Concentrations of NO2− and NO3− were measured using ion chromatography with a conductivity detector (CDD-10Avp, Shimadzu, Kyoto, Japan) and a column (Shim-pac IC-A3, 4.6 × 150 mm, Shimadzu, Kyoto, Japan). Concentrations were estimated from data measured by the ion chromatography spectra of PTW using the calibration curve obtained from a reference solution (228-33603-93, Shimadzu, Kyoto, Japan) diluted to various concentrations. The composition of the reference solution is presented in Table 1.



The pH value of PTW was measured using a pH meter (S SevenCompactTM pH/Ion, METTLER TOLEDO, Columbus, DC USA) and a probe (InLab Pure Pro-ISM, METTLER TOLEDO, Columbus, DC, USA). The pH meter and probe were calibrated using a standard buffer solution set (101-S, Horiba, Kyoto, Japan). The conductivity of PTW was measured using a conductivity measurement cell (LAQUA 3551-10D, Horiba, Kyoto, Japan).




2.3. Microorganism Culturing and Colony Counting


A survival test of Escherichia coli was performed to evaluate the bactericidal efficacy of direct treatment using AALCA and the bactericidal effect of the produced PTW. E. coli (O1:K1:H7) was precultured in 3 mL of nutrient broth (DifcoTM, BD, San Jose, CA, USA) at 250 rpm with a regulated temperature of 30 °C for 17 h. Then, E. coli was separated by centrifugation at 5000 × g for 3 min and diluted with DI water to obtain a concentration of bacteria of approximately 1 × 107 mL−1.



To investigate the bactericidal effect of treatment using AALCA, the prepared E. coli suspension was treated with AALCA under various conditions. To investigate the bactericidal effect of the produced PTW, a water sample was treated with AALCA and a 0.3 mL E. coli suspension was mixed with 2.7 mL of the produced PTW and incubated at 250 rpm with a regulated temperature of 30 °C for up to 24 h. The 0.3 mL E. coli suspension was mixed with 2.7 mL of pristine DI water as the control.



Then, the analyzed suspensions of E. coli were diluted, and samples of 0.1 mL were spread onto nutrient agar medium (DifcoTM, BD, San Jose, CA, USA) and cultured at 37 °C for 24 h. The number of E. coli that survived after the treatment was estimated using a colony-forming units (CFU) assay.





3. Results and Discussion


3.1. Generation of the Discharge


It was found that it was possible to generate various types of discharges between the pin electrode and the liquid depending on the input power. In the case of a low input power of 6 W supplied to the push–pull generator, it was possible to generate a stable positive corona. During the corona discharge, the current was negligible, resulting in a charge of the reservoir capacitor at the high-voltage side and stabilization of the voltage at about 11.25 kV, as shown in Figure 2a. A photo of the corona discharge is shown in Figure 2b. With an increase in input power to 6.5 W, the voltage during the corona discharge increased to about 12 kV, resulting in the generation of occasional spark discharges. The moment of breakdown and the number of consequent spark discharges were random. After breakdown, the voltage dropped to 1–2 kV and a short current pulse was observed during the spark discharge. After termination of the spark discharge, the current dropped to 0 following oscillation and the voltage increased to the initial value. Owing to a low input power, it took several tens of milliseconds to charge the reservoir capacitor and reach the initial voltage. A further increase of power resulted in an increase in the number of occasional spark discharges, and finally at an input power of 9.5 W, consequent spark discharges were observed, as shown in Figure 2c,d. In the case of the 9.5 W input power, the spark discharges were similar to those observed for the lower input powers. On the basis of the current and voltage (I and V) waveforms, the type of discharge was the same. Some variation of peak current and voltage and frequency observed in the I and V waveforms were related to the migration of the discharge spot on the surface of the liquid. In the case of repeating spark discharges, the sparks had a scanning area of about 5 mm in diameter on the surface of the liquid, as shown in Figure 2d.



A further increase of power up to 23 W did not change the discharge type and the same type of repeating sparks was observed, however, the increase of the input power resulted in some changes of the current and voltage waveforms, as shown in Figure 2e. An increase of input power resulted in an increase of peak current during the spark discharge, which decreased the time required for charging the reservoir capacitor, causing an increase of frequency of the spark discharges. On the other hand, the increase of input power resulted in stabilization of the spot of the spark and the repeating spark discharges looked like steady glow plasma (Figure 2f).



Increasing the input power to values above 23 W resulted in the occasional formation of low-current arc discharges, and a stable repulsing low-current arc discharge was generated at an input power of 25 W. Compared with the repeating spark discharges, the repulsing low-current arc discharge featured a lower peak voltage of about 2.5 kV, continuous current during the discharge, and high stability of the current and voltage waveforms, as shown in Figure 2g. A photo of AALCA at the input power of 25 W is presented in the Figure 2h. In the present setup, a low-pass filter was not employed, resulting in an AC ripple of voltage, which can be observed in Figure 2e,g.



In the case of the direct application of an input power of 25 W, the discharges occurred in the same order as described above, that is, as a sequence of a corona discharge, repeating sparks with increasing frequency, and finally, a low-current arc discharge. At the moment of voltage application, a corona discharge was generated first and was followed by repeating spark discharges for several seconds. Corona and spark discharges delivered RONS and ions originating from the air, evaporated liquid, and electrodes to the liquid, resulting in an increase of the electric conductivity of the liquid in a similar way to what was reported elsewhere [18,24,42]. With the increase of the conductivity of treated DI water, occasional pulsed arc discharges appeared and finally, after 17–20 s of treatment, the discharge changed from repeating sparks to the stable AALCA.



Figure 3 shows the conductivity of 5 mL of DI water as a function of the duration of the treatment by AALCA. The conductivity of the water sample increased from about 0.1 µS/cm for pristine DI water to 190 µS/cm after treatment for 20 s by spark discharges, which enabled the generation of a low-current arc that was transferred to the surface of the DI water, which initially had low conductivity.



Moreover, the pH value gradually decreased from 6.76 for pristine DI water to 2.89 after treatment for 2 min, as shown in Figure 4, which is a considerably low value as compared with the PTW reported elsewhere [18,24,31,43]. The low pH value suggests a high concentration of RONS and possibly some ions (delivered from the electrodes by erosion) in the treated liquid, which could explain the increase of conductivity after the plasma treatment.



The presented approach allows generation of a stable AALCA discharge that is transferred to the surface of a liquid, even if it has initially low electrical conductivity (such as DI water), without preparation and modification of the liquid. Variation of conductivity affected only the duration of the state of the repeating spark discharges (17–19 s for DI water with an initial conductivity of about 0.1 µS/cm and 0–2 s for tap water with an initial conductivity in the range of 170–250 µS/cm).



The main drawback of using AALCA is the heating and evaporation of the treated liquid, which is used as the cathode and interacts with high-energy ions and other charged species. Thermographic observations showed that the temperature of the 5 mL DI water sample treated by AALCA did not exceed 45 °C (see Figure 5a) after 1 min of treatment and 70 °C (see Figure 5b) after 5 min of treatment.



The relatively low temperature of the small volume of liquid treated with AALCA could be explained by local evaporation of the liquid. During treatment, the liquid was heated to the boiling temperature locally and evaporated when a bulk liquid was heated at a lower rate and remained below the boiling temperature. The higher temperature of the liquid in the area of contact with the plasma can be observed from thermographic images (Figure 5a,b).



It was confirmed that 1.2 mL of water was evaporated from the original 5 mL sample after 5 min of treatment. To ensure stable generation of AALCA even after partial evaporation of the liquid and change in the length of the discharge gap, 28 W of input power was used in all the experiments described below.




3.2. Species Generated in Gas Phase


Optical emission spectrometry (OES) in the wavelength region from 200 to 665 nm was used to investigate the main excited species generated by AALCA. OES spectra of AALCA is presented in Figure 6.



Owing to the high concentration of nitrogen in the air, the observed spectrum was dominated by N2 (C→B) emissions as a result of many excitation processes in the plasma. As shown in Figure 6, the optical emissions from the N2 second positive system (C3Π → B3Π) at 316, 337, 357, 380, and 405 nm; the N2 + first negative system (B2Σu + → X2Σg +) at 391.4 nm; and the OH emissions from the transition of A2Σ+ → X2Π at 309 nm were clearly observed for AALCA [44]. Evaporation of the liquid discussed above could be the source of OH radicals, which could be produced by electron impact dissociation of water molecules [14]. Despite the presence of hydrogen from evaporated water, hydrogen emission lines (e.g., Hα and Hβ) were not observed in the spectra.



The observed OES spectrum that was dominated by N2 emissions was similar to emission spectra observed in other types of air plasmas transferred to the surface of water reported elsewhere [18,24]. The OES results indicated the presence of excited OH radicals and atomic nitrogen in the AALCA which could be delivered to the liquid from the gas phase and converted to other RONS in the solution, such as hydrogen peroxide (H2O2), nitrite (NO2−), and nitrate (NO3−).




3.3. Generation of RONS in Water


To check the production efficiency of RONS in the liquids treated with AALCA and compare it to commercially available plasma sources, samples of 5 mL DI water were treated with AALCA, NEAPPJ, and NEAPRS. The sample was treated with AALCA at an input power of 28 W for 30 and 60 s. NEAPPJ was operated using He gas with a flow rate of 3 slm and a distance from the nozzle of the plasma jet to the surface of the liquid of 20 mm, ensuring contact of plasma with liquid and the effective delivery of RONS. NEAPRS was operated with a mixture of Ar (4.75 slm), N2 (200 sccm), and O2 (50 sccm) at a total flow rate of 5 slm recommended by the manufacturer. The ratio of N2 to O2 was chosen to be similar to the ratio in air for reliable comparison to the plasma operated in ambient air. Estimated values of RONS concentrations are summarized in Figure 7.



It was found that the concentrations of H2O2, NO2−, and NO3− were 7.4, 8.3, and 8.9 mg/L, respectively, after 30 s of irradiation by AALCA; moreover, the concentrations of H2O2 and NO3− further increased to 14.5 and 53.7 mg/L, respectively, when the concentration of NO2− decreased to 2.7 mg/L with an increase of the treatment duration to 60 s. Owing to the longer treatment duration, NO2− might convert to more stable NO3−, resulting in a change of concentration ratios. The observed concentrations were two orders of magnitude higher than those of 5 mL DI water treated for 1 min with commercially available NEAPPJ operated with He (0.37 mg/L of H2O2, 0.18 mg/L of NO2−, and 0.06 mg/L of NO3−). Additionally, considerably small concentrations of RONS in water treated using NEAPPJ (up to 890 µg/L of H2O2, up to 180 µg/L of NO2−, and up to 410 µg/L of NO3−) [20,21,22,45,46] and custom plasma jets operated with air or addition of air (up to 9.3 mg/L of H2O2, up to 4 mg/L of NO2−, and up to 5.5 mg/L of NO3−) [14,28,47,48] were reported elsewhere, confirming the high efficiency of the developed AALCA as compared with commonly used nonequilibrium plasma jets.



Considering the low power consumption of conventional NEAPPJ compared with AALCA, a more reliable comparison is to NEAPRS, which has a power consumption of about 50 W, which is comparable to AALCA. After treatment of 5 mL of DI water with NEAPRS for 1 min, the concentrations of H2O2, NO2−, and NO3− were 3.1, 0.2, and 3.6 mg/L, respectively, which was one order of magnitude lower than the 5 mL of DI water treated with AALCA for 1 min.




3.4. Inactivation of E. coli


There are numerous reports about cancer therapy, disinfection, and inactivation of fungi using PTW, and the high concentration of RONS in PTW produced by AALCA looks promising for many such applications. To confirm the bactericidal effect of direct treatment using AALCA, a suspension containing E. coli in a concentration of 107 mL−1 was treated with plasma. The number of surviving E. coli was estimated using the colony counting method and the results are presented in Figure 8.



It was found that the number of surviving E. coli was about 2 × 103 mL−1 after direct plasma treatment for 10 s and decreased to the colony counting method detection limit of 10 mL 1 after 30 s, showing a 6-log reduction in the concentration of bacteria. As shown in Figure 8, the bactericidal effect of treatment with AALCA was significantly higher than the bactericidal effect of treatment with NEAPRS and APPJ, corona, or DBD discharges reported elsewhere [9,43,49,50,51,52,53,54,55,56]. It was confirmed by thermographic observation that the suspension was heated by irradiation to temperatures up to 38 °C, which is below the temperature harmful for E. coli reported elsewhere, suggesting that heating of the sample was not involved in the sterilization process [57]. On the other hand, the low pH value of about 3.4 after treatment of DI water by AALCA for 30 s could be effective for inactivation of bacteria [43]. To investigate the effect of temperature and pH on killing the bacteria, E. coli was suspended for 30 s in DI water heated to 40 °C (to ensure that the temperature of the suspension was higher than the temperature of the sample treated by AALCA for 30 s), citrate-phosphate buffer solution with a pH of 3.3 (similar to the pH observed for DI water treated by AALCA for 30 s), and citrate-phosphate buffer solution with a pH of 3.3 heated to 40 °C. Then, the number of surviving bacteria was estimated using the colony counting method. It was found that the concentration of bacteria did not change after suspension for 30 s in DI water heated to 40 °C or citrate-phosphate buffer solution with a pH of 3.3; however, a 1-log reduction in the concentration of E. coli was observed in the case of suspension in the citrate-phosphate buffer solution with a pH of 3.3 that was heated to 40 °C, indicating that the combination of heating the sample and reducing the pH value during AALCA treatment could contribute to observed bactericidal effect.



On the other hand, the high concentration of RONS in the DI water treated by AALCA (Figure 7) could be the origin of the observed bactericidal effect. To investigate the effect of H2O2, NO2−, and NO3− on sterilization of the bacteria, a solution containing 7 mg/L of H2O2, 8 mg/L of NO2−, and 9 mg/L of NO3− (similar to the concentrations observed after treatment by AALCA for 30 s) was prepared using chemical reagents, and E. coli was suspended for 30 s in the prepared solution. It was found by the colony counting method that the concentration of E. coli did not change after suspension for 30 s in the solution containing H2O2, NO2−, and NO3−, indicating that the high concentration of long-living RONS did not contribute to the strong bactericidal effect observed after 30 s of treatment. However, in the case of direct treatment with AALCA, not only long-living RONS could be involved in the bactericidal effect but also short-living RONS (e.g., ONOO− and HOO●), the strong electric field at the stage of corona and repeating spark discharges, and ultraviolet emissions, as it was reported elsewhere [18,41,58,59].



On the other hand, a long-term bactericidal effect produced by long-living RONS in PTW was reported elsewhere, which suggests a strong long-term bactericidal effect of PTW produced by AALCA owing to its high concentration of RONS [31,32,43]. To investigate the bactericidal effect of PTW, 5 mL of DI water was treated with AALCA for 1 min at an input power of 28 W. Then, 0.3 mL of the E. coli suspension was mixed with 2.7 mL of the produced PTW and incubated for various times. After incubation, the number of surviving bacteria was estimated using the colony counting method. The estimated values of E. coli after various durations of incubation are presented in Figure 9. It could be clearly observed that the concentration of E. coli gradually decreased as the incubation time increased after suspension of E. coli in DI water treated with AALCA and reached the detection limit of 10 CFU/mL at 60 min, showing a 6-log reduction in the concentration of bacteria. Considering that the concentration of E. coli did not change in the control sample of E. coli suspended in pristine DI water even after 24 h of incubation, it could be concluded that the DI water treated with AALCA had a strong bactericidal effect that originated from the high concentration of RONS and the low pH level [31,32,43].



Treatment of liquid using AALCA could be performed irrespective of its electrical conductivity; therefore, further reduction of production costs is possible by using tap or spring water. Tap water was treated with AALCA under the same conditions and the bactericidal effect of plasma-treated tap water was investigated in the same way as for DI water. It can be clearly observed in Figure 9 that tap water treated by AALCA also had a bactericidal effect, and the concentration of bacteria reached the detection limit of 10 CFU/mL after 90 min, showing a 6-log reduction in the concentration of bacteria. Considering that the concentration of bacteria in the control sample of E. coli suspended in pristine tap water did not change after 90 min of incubation and reduced by 1 log only after 24 h of incubation, it can be concluded that, like with DI water, tap water treated with AALCA has a strong bactericidal effect that originates mostly from the high concentration of RONS. The difference in the bactericidal effect can be explained by the complex composition of tap water. Some components of tap water may interfere with chemical reactions in PTW and reduce the amount of species responsible for the bactericidal effect. Additionally, the pH value of the tap water was higher than that of DI water (Figure 4), which may have reduced the bactericidal efficacy of tap water treated with AALCA as compared with DI water [33,43].



The observed bactericidal effect of both DI and tap water, together with its low production cost, makes PTW produced by AALCA appear to be promising as a low-cost disinfectant which could be used in biomedical applications. However, the composition and properties of tap water can vary strongly depending on the area of use. Therefore, more comprehensive investigations are needed for the practical use of plasma-treated tap water in various locations.




3.5. Treatment of Flowing and Circulating Liquid


The evaporation of liquid reported above might be a problem for AALCA treatment; however, considering the high efficiency of RONS production and the moderate temperature of the liquid treated using the proposed method, AALCA treatment looks promising for practical PTW use. A possible approach to reduce the production cost of PTW and ameliorate the problems associated with heating and evaporation of the liquid is treatment by continuous flow of liquid. Treatment of a flow of DI water was performed using the same setup and two peristatic pumps, as shown in Figure 10. Pristine DI water was introduced to a dish at a flow rate of 10.25 mL/min using the first pump and PTW was evacuated from the dish at a flow rate of 10 mL/min using the second pump. The flow allowed for reducing the temperature of the liquid during treatment. It was found by thermographic measurements (Figure 10) that the temperature of the treated water was about 45 °C in the area of contact with plasma after 5 min of operation, which was significantly lower than the case of the 5 mL sample treatment. Figure 10 shows a thermographic image of plastic tubes with water on the input and output of the plasma treatment device. The temperature of the water increased from about 25 °C to about 30 °C during the treatment (similar results were confirmed by measurements using a thermocouple). The use of flow allows for a temperature of the produced PTW below 37 °C, which is safe for the human body and could be used in medical applications [47,60]. Additionally, the difference in the flow rate allowed for compensation of the evaporation of the liquid and retention of the same level of liquid inside the dish, ensuring the same discharge gap and parameters of the plasma during treatment.



The treated water was collected from the output of the second pump and concentrations of RONS in the collected PTW were estimated using HPLC and ion chromatography. Estimated concentrations of H2O2, NO2−, and NO3− in the produced PTW were 9.6, 0.2, and 32.2 mg/L, respectively, as shown in Figure 7. The pH value of the produced PTW was about 3.25. The production rate of RONS was comparable to the treatment of stationary samples of 5 mL. Despite the reduced efficiency of production of NO2−, the total amount of RONS in the case of the flow of water was still two orders of magnitude higher than the amounts observed for the case of conventional NEAPPJ or DBD [14,20,32,43]. Zhou et al. reported PTW production by cold plasma treatment at ambient air of 50 mL of circulating liquid at a flow rate of 200 mL/min [18]. It is difficult to perform a direct comparison of results considering the difference in the flow ratio of the liquid and the experimental setup. It would take 5 min to produce 50 mL of PTW using AALCA with a 10 mL/min flow of the water used in the present work; therefore, the results of the present work were compared to the results reported by Zhou et al. for 5 min of treatment (0.4 of H2O2, 0.2 of NO2−, and 0.75 of NO3−) [18]. It can be clearly observed in Figure 7 that treatment with AALCA is more effective than the method reported by Zhou et al., and treatment of a liquid flow can be applied to produce a large volume of PTW. However, the concentration of NO2− in the produced PTW was lower than that of the fast treatment of stationary liquids with small volumes, and the ratio of concentrations of NO2− and NO3− depends on the flow rate, duration of treatment, and discharge parameters.



To investigate the bactericidal effect of treatment of flowing liquid using AALCA, an E. coli suspension with a concentration of bacteria of 107 mL−1 was treated with AALCA at an input power of 28 W and a flow rate of 10 mL/min. It was found by the colony counting method that the concentration of bacteria decreased to the detection limit of 10 CFU/mL after treatment by AALCA at a flow rate of 10 mL/min, showing a 6-log reduction in the concentration of bacteria. This result demonstrates that treatment of a continuous flow of liquid by AALCA is applicable to disinfection of larger volumes of liquids.



To investigate the bactericidal effect of PTW produced by treatment of flowing liquid using AALCA, DI water was treated with AALCA at an input power of 28 W and a flow rate of 10 mL/min and collected in a clean vial. Then, 0.3 mL of the E. coli suspension was mixed with 2.7 mL of collected PTW and incubated for various times. After incubation, the number of surviving bacteria was estimated using the colony counting method. The estimated values of E. coli after various durations of incubation are presented in Figure 9. It can be clearly observed that the concentration of bacteria gradually decreased as the incubation time increased after suspension of E. coli to produce PTW, and it reached the detection limit of 10 CFU/mL at 180 min, showing a 6-log reduction in the concentration of bacteria. Considering that the concentration of E. coli did not change in the control sample of E. coli suspended in pristine DI water, it can be concluded that PTW produced by treatment of a continuous flow of liquid with AALCA has a strong bactericidal effect originating from the high concentration of RONS. The difference in bactericidal effect observed for the 5 mL sample and the flowing DI water can be explained by the difference in concentrations of RONS and the higher pH. In the case of flowing DI water, the concentration of NO2− was about 10 times lower and the pH was higher than the 5 mL of DI water treated by AALCA. Moreover, in the case of a flowing liquid, the concentrations of short-living reactive species could be different, resulting in a reduced bactericidal effect.



We found in this work that AALCA is effective at generating RONS and features low production and operation costs, which helps to overcome a number of problems in existing systems for plasma treatment of liquids. However, a major drawback of AALCA is the heating and evaporation of the liquid. We demonstrated that these problems can be solved by treatment of a continuous flow of liquid, which avoids changes in the discharge gap by evaporation and achieves a temperature safe for the human body that is below 37 °C after treatment [60]. The low temperature and high concentration of RONS in PTW produced by treatment of flowing liquid looks promising for biomedical and agricultural applications. Furthermore, production of PTW using a continuous flow of liquid could be easily scaled to large volumes, which looks promising for water disinfection and purification, as well as other applications requiring low-cost treatment of large volumes of liquid. Treatment of a liquid flow using AALCA allows for the low-cost production of PTW and solves several problems associated with using a stationary solution, however, further tuning of the discharge conditions and development of a custom pumping system is necessary for precise control of RONS concentrations in the produced PTW.



Additionally, the stable generation of AALCA was confirmed using liquids with various conductivities, such as DI water, tap water, ethanol, propylene glycol, phosphate buffer, phosphate saline buffer, and phosphate buffer containing amino acids. The possibility of generating such a type of plasma on the surface of a liquid irrespective of the electrical conductivity could be essential for various biomedical and agricultural applications, where buffer solutions with various conductivities are commonly used to control the pH level.



Moreover, the possibility of treating liquid precursors of various conductivities by AALCA looks promising for the synthesis of nanoparticles and nanocarbons [1,8,10,11].





4. Conclusions


In this work, we developed a compact tool for irradiation of liquids by a low-current arc at ambient air. It was possible to generate a stable discharge, even when using liquids that had low electrical conductivity, as a sequence of corona, repeating spark, and low-current arc discharges. Moreover, the possibility of treating a continuous flow of liquid was confirmed. It was found that the concentration of RONS after treatment using an ambient air low-current arc was two orders of magnitude higher than that of PTW produced using conventional APPJs or DBD plasmas under similar treatment conditions. The strong bactericidal effect of treatment with AALCA and the produced PTW was confirmed by survival tests of E. coli. Additionally, we demonstrated a method to overcome the overheating problem and increase the volume of produced PTW by treatment of a continuous flow of liquid. This work is a step towards the practical use of plasma-treated liquids in biomedical and agricultural applications.
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Figure 1. Experimental setup. 
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Figure 2. I & V waveforms (a) and photo (b) of corona discharge, I and V waveforms (c) and photo (d) of spark discharges at 9.5 W of input power, I and V waveforms (e) and photo (f) of spark discharges at 23 W of input power, and I & V waveforms (g) and photo (h) of ambient air low-current arc (AALCA) at 25 W of input power. 
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Figure 3. Conductivity of deionized water (DI) water as a function of the duration of plasma treatment. 
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Figure 4. pH value of DI and tap water as a function of the duration of plasma treatment. 
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Figure 5. Thermographic image of DI water treated with AALCA for 1 min (a) and 5 (b) min. 
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Figure 6. Optical emission spectrometry (OES) spectra of AALCA. 
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Figure 7. Comparison of concentrations of reactive oxygen and nitrogen species (RONS) in plasma-treated water (PTW) produced using treatment of 5 mL of DI water with AALCA, nonequilibrium atmospheric pressure radical source (NEAPRS), and nonequilibrium atmospheric pressure plasma jets (NEAPPJ); treatment of 10 mL/min flow of DI water with AALCA in the present work; and air plasma treatment of circulating liquid reported elsewhere [18]. 
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Figure 8. Number of surviving E. coli after treatment by AALCA, NEAPRS, NEAPPJ [43], dielectric barrier discharges (DBD) [49] or corona [50], discharges for various time of irradiation. 
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Figure 9. Dependency of the number of surviving bacteria on the duration of incubation after mixture of E. coli suspension with DI or tap water treated with AALCA, DI water treated with NEAPRS, or DI water treated with AALCA at a 10 mL/min flow. 
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Figure 10. Schematic of experimental setup for treatment of continuous flow of liquid, thermographic image of flowing DI water treated with AALCA (right, bottom), and comparison of water temperatures in tubes before and after treatment (right, top). 
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Table 1. Composition of reference solution.






Table 1. Composition of reference solution.





	Component
	Anion
	Concentration (mg/L)





	NaF
	F−
	5



	NaCl
	Cl−
	10



	NaNO2
	NO2−
	15



	KBr
	Br−
	10



	KNO3
	NO3−
	30



	KH2PO4
	PO43−
	30



	Na2SO4
	SO42−
	40











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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