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Abstract
This work presents the experimental study of the transport of typical air plasma long-
lived reactive nitrogen species (RNS: HNO2, NO2, and NO) into deionized water and 
compares them with the most typical reactive oxygen species (ROS: H2O2 and O3). RONS 
are generated either by external sources or by a hybrid streamer-transient spark plasma 
discharge, in contact with bulk water or aerosol of charged electrospray (ES) or non-
charged nebulized microdroplets with a large gas/plasma-water interface. It was found 
that NO’s contribution to NO2¯ ion formation was negligible, NO2 contributed to about 
10%, while the dominant contributor to NO2¯ ion formation in water was gaseous HNO2. 
A higher transport efficiency of O3, and a much higher formation efficiency of NO2¯ from 
gaseous NO2 or HNO2 than predicted by Henry’s law was observed, compared to the 
transport efficiency of H2O2 that corresponds to the expected Henry’s law solvation. The 
improvement of the transport/formation efficiencies by nebulized and ES microdroplets, 
where the surface area is significantly enhanced compared to the bulk water, is most evident 
for the solvation enhancement of the weakly soluble O3. NO2¯ ion formation efficiency was 
strongly improved in ES microdroplets with respect to bulk water and even to nebulized 
microdroplets, which is likely due to the charge effect that enhanced the formation of 
aqueous nitrite NO2¯ ions when NO2 or HNO2 are transported into water. Comparisons of 
the molar amounts of O3, H2O2, and NO2¯ formed in water by hybrid streamer-transient 
spark plasma discharge with those obtained with single RONS from the external sources 
enabled us to estimate approximate concentrations of gaseous concentrations of HNO2, 
NO2, O3, and H2O2. The medium or highly soluble gaseous HNO2 or H2O2, with a low 
concentration of < 10 ppm are sufficient to induce the measured aqueous NO2¯ or H2O2 
amounts in water. This study contributes to a deeper understanding of the transport 
mechanism of gaseous plasma RONS into water that can optimize the design of plasma–
liquid interaction systems to produce efficient and selected aqueous RONS in water.

Keywords  Plasma–liquid interactions · Plasma-activated water · Reactive oxygen and 
nitrogen species · Henry’s law · Nitrous acid · Nitrogen dioxide · Nitrogen monoxide · 
Hydrogen peroxide · Ozone · Water electrospray · Aerosol microdroplets · Charged 
microdroplets · Bulk water

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-024-10511-6&domain=pdf


	 Plasma Chemistry and Plasma Processing

Introduction

Non-equilibrium plasma in atmospheric air produces a mixture of gaseous reactive oxygen 
and nitrogen species (RONS) through many electron-driven and radical reactions [1]. 
The primary radical species (e.g., OH, O, and N) are formed by the dissociation of air 
molecules. These reactive species recombine and interact with radicals/molecules to form 
secondary reactive oxygen and nitrogen species (ROS and RNS, collectively RONS). ROS 
include hydrogen peroxide (H2O2) and ozone (O3), while RNS include nitrogen monoxide 
(NO), nitrogen dioxide (NO2), as well as nitrous (HNO2) and nitric (HNO3) acids [2, 3]. 
HNO2 and HNO3 are dominantly formed via OH radicals in the three body reactions (1) 
and (2), respectively [4, 5].

In plasma discharges interacting with water, these gaseous plasma RONS are transported 
through the plasma–water interface into water, inducing the production of so-called 
“plasma-activated water” (PAW). Many applications of PAW have been documented [6–9]. 
A large area of application is in medicine and bio-decontamination, where PAW solutions 
are effective in killing microbes in suspension or biofilms on surfaces [10–14]. Some PAW 
solutions have shown anticancer effects and represent a novel cancer therapeutic strategy 
[15–17]. In the food and agricultural research, PAW promotes seed germination [18, 19], 
improves plant growth [20–22], and prevents plant diseases and food spoilage [23, 24]. In 
environmental science applications, PAW can be used in water cleaning as a promising 
approach for micropollutant decontamination and causes antibacterial properties of water 
[22, 25, 26]. The composition of plasma RONS and their distribution in the gas and 
liquid phases depends on multiple parameters, such as the type of plasma discharge, the 
configuration of the discharge reactor, discharge characteristics (e.g. frequency, voltage, 
current, and power), the composition of the working gas and its flow rate, and the liquid 
(activated by the plasma discharge), which in turn affect the final composition of PAW 
[27–35]. The solvated aqueous RONS in PAW include long-lived reactive species such as 
H2O2, O3, and nitrite (NO2¯) and nitrate (NO3¯) anions, as well as many other short-lived 
species [36–38]. Nitrogen oxides (NOx) and nitrous and nitric acids (H)NOx formed in 
plasma dissolve in water and dissociate into NO2¯ and NO3¯ aqueous anions. Protons (H+) 
are inevitably released when these anions are formed in the PAW, typically making acidic 
pH of the PAW via the following reactions (3–6) [39–41].

The solubility of the gaseous RONS in water varies markedly, and even if their 
concentrations in the gas phase are similar, their achieved aqueous concentrations in water 

(1)NO + OH + M
(

= O2or N2

)

→ HNO2 + M

(2)NO2 + OH + M → HNO3 + M

(3)NO2(aq) + NO2(aq) + H2O → NO−
2
(aq) + NO−

3
(aq) + 2H+

(4)NO(aq) + NO2(aq) + H2O → 2NO−
2
(aq) + 2H+

(5)HNO2(aq) ↔ H+ + NO−
2
(aq)

(6)HNO3(aq) ↔ H+ + NO−
3
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are significantly different due to very different Henry’s law solubility coefficients of each 
gaseous species [42]. Table 1 shows Henry’s law solubility coefficients kH (mol/m3 Pa), 
under the equilibrium conditions, for the most typical gaseous plasma RONS. Henry’s 
law describes the proportionality of the aqueous phase concentration of species to its 
equilibrium partial pressure in the gas phase. Henry’s law coefficient can be also expressed 
as the dimensionless ratio between the aqueous phase concentration of species to its gas 
phase concentration as kHcc [43, 44].

Due to the significantly different kHcc for each gaseous RONS generated by plasma in air 
(gas phase), these species dissolved in water reach very different aqueous concentrations. 
While the highly soluble species such as H2O2 is readily transferred into the water, the 
weakly soluble species, such as NO2, NO, and O3, are hardly dissolved into water as NOx¯ 
and O3(aq), respectively [45]. In recent years, plasma RONS formation in plasma-liquid 
systems has been studied mainly by numerical simulations and a few experimental studies 
[46–51]. Gorbanev et al. [52] and Winter et al. [53] assessed the transition of H2O2 into 
the liquid and found a direct correlation between the concentration of H2O2 in the gas 
phase and the liquid media. Oinuma et  al. [54] studied the near-interfacial reactions of 
controlled-size microdroplets with plasma generated OH radicals and the related transport 
of H2O2. Machala et al. [55] observed the formation of RONS by two types of atmospheric 
air plasma discharges in contact with water, streamer corona (SC) and transient spark 
(TS). SC discharge was characterized by low power (0.2–0.4 W), short low current pulses 
(~ 10 mA, 10–100 ns), and with a typical repetition frequency of 10–30 kHz, while TS was 
characterized by higher power (1.5–2.3 W), short high current pulses (~ 10 A, ~ 25 ns), and 
with a typical repetition frequency of 1–4 kHz [56]. SC resulted in the dominant formation 
of H2O2 and O3, and TS resulted in H2O2 and (H)NOx. The produced gaseous RONS 
are readily dissolved in water resulting in aqueous H2O2(aq), O3(aq), NO2¯, and NO3¯, 
respectively, in the PAW.

One of the ways to prepare the PAW efficiently is by improving the RONS transfer into 
water by increasing the total water surface area using the water aerosolization process 
by producing water microdroplets of a high surface-area-to-volume ratio [49]. This sig-
nificantly increases the plasma–water interaction surface area and thus enables more effi-
cient transfer of the plasma reactive species into the water, which is of vital importance, 
especially for the badly soluble species, such as NO, NO2, and O3. Although aerosoliza-
tion in some experimental arrangements reduced the RONS concentrations in PAW [57], 
the approach of increasing plasma–liquid interaction surface area in microdroplets was 
adopted by several research groups [14, 54, 58–62]. Janda et al. [63] generated TS coupled 
with the formation of water microdroplets, which increased the plasma-water interaction 
surface area, and thus the higher transfer of weakly soluble gaseous species such as NO2 
into water can be achieved. Stancampiano et al. [64] concluded in their review that aerosol 
droplets in contact with plasma act as efficient microreactors, which will lead to opening 

Table 1   Henry’s law solubility 
coefficients kH and kHcc of 
gaseous species [44]

Gaseous species kH (mol/m3 Pa) kHcc

H2O2 9.1 × 102 2.26 × 106

HNO2 4.8 × 10‾1 1.19 × 103

NO2 1.2 × 10‾4 2.97 × 10‾1

NO 1.9 × 10‾5 4.71 × 10‾2

O3 10‾4 2.48 × 10‾1
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new horizons for future applications of plasma–aerosol e.g., for the in-situ delivery and 
transport of chemicals into the liquid droplet.

This experimental work is focused on studying the transport mechanism of medium vs. 
weakly soluble gaseous RNS namely: HNO2, NO2, and NO generated in the atmospheric 
air by either external sources or by streamer corona discharge in contact with water in 
hybrid gas/plasma–bulk/aerosol interaction systems in different configurations. The 
formation of aqueous RONS was also investigated in a hybrid streamer-spark discharge 
system using nebulized and electrospray microdroplets. This work follows our previously 
published works where the transport mechanism of high and low soluble ROS (H2O2 and 
O3) in bulk water and electrosprayed (ES) microdroplets were studied [65], and the optical 
diagnostic techniques were used to analyze the size, surface area, velocity, and lifetime of 
the ES water microdroplets [66].

The novelty of this work is in providing a deeper insight into the plasma RONS transport 
into the water as a function of different key parameters such as interaction time, gas–water 
(interface and surface area), and the effects of charged vs. non-charged microdroplets. Our 
findings will lead to a better fundamental understanding of the plasma–water interaction 
and transport chemistry which can be employed in many air plasma-liquid systems and 
their applications.

Experimental Setup

Low-temperature plasma in humid air produces several types of reactive species, most 
of which are soluble in water. In addition to the “gas–liquid transport” (solvation) of 
species, chemical reactions between these species occur in both the gas and water phases. 
Generating a mixture of reactive species by plasma directly in a reactor, where they also 
dissolve in water, can make it difficult to study the solubility of individual reactive species. 
To avoid the influence of chemical interactions, we perform experiments to study the 
solubility of individual gas species, NO, NO2, HNO2, O3, and H2O2, entering the reactor 
from external sources.

In this section, we first describe the external sources used to generate the single gas 
species. Then, we describe the reactors for solvation of the studied species in bulk water, 
water microdroplets generated by electrostatic spraying, and nebulized microdroplets. 
Then, we describe the experimental apparatus where plasma directly interacts with water 
microdroplets. In the last subsection, we describe the diagnostic tools used.

Experiments with gas species from external sources

The external sources of gas species

The working gas (ambient air) with a concentration of 100 ppm H2O2 was obtained by 
bubbling air through a 30% w/w H2O2 solution. The gas flow rate in the experiments with 
H2O2 was 2 L per minute.

The external O3 source was a commercial dielectric barrier discharge generator (Easelec 
E03G). The gas at the outlet of the ozone generator was mixed with ambient air to give an 
O3 concentration of approximately 450 ppm. The total gas flow rate through the reactor for 
the experiments with O3 was 0.8 L per minute.
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Gaseous HNO2 was obtained by pumping ambient air at a flow rate of 1 L per minute 
through a bubbler with a solution obtained by mixing aqueous solutions of NaNO2 
and HCl, each at a molar concentration of 50 mM, yielding 20 mM HNO2 solution. 
In addition to HNO2, the gas mixture produced by bubbling this aqueous mixture 
also contained NO and NO2. The concentration of these species in the bubbled gas 
gradually decreased over time. The initial decrease in the concentration was rapid but 
gradually slowed down. After about 6 min, the decrease was very slow, resulting in 
almost constant concentrations of HNO2, NO, and NO2 in the gas. Only then did the 
bubbled gas enter the reactor so that the average concentration of HNO2, NO2, and NO 
during the 1–4 min solvation experiments was approximately 100, 250, and 600 ppm, 
respectively.

A calibration cylinder containing 2000 ppm NO in N2 was used as a source of pure 
external NO. This mixture was diluted with molecular nitrogen (99.999% purity) to a 
working concentration of 600 ppm NO at a total gas flow rate of 1 L per minute.

A calibration cylinder containing 1000 ppm of NO2 in synthetic air (80% N2, 20% 
O2) was used as an external source of NO2. The NO2 concentration was reduced to 250 
ppm by mixing with ambient air at a total gas flow rate of 1 L per minute. The gas flow 
rate was adjusted in all experiments using Aalborg flow meters.

Concentrations of 600 and 250 ppm of NO and NO2, respectively, were chosen because 
such concentrations of NO and NO2 were present in the experiments with the gas mixture 
containing HNO2 in air. In addition, similar concentrations of NO and NO2 are generated 
in air by transient spark discharge, which has been studied in our group [63].

Gas species of H2O2, HNO2, NO2, NO, and O3 from external sources, were 
studied individually (not mixed with each other), with the specific flow rates and gas 
concentrations as shown in Table 2.

Although in most of the experiments with NO or NO2 from the calibration pressure 
cylinders, only one of these two nitrogen oxides (either NO with concentration of 600 
ppm or NO2 with concentration of 250 ppm) was in the working gas, we also performed 
a special experiment with bulk water only, in which we used a mixture with 600 ppm of 
NO + 100 ppm of NO2.

Table 2   List of the gas mixtures used in experiments focused on solvation of single gas species provided by 
the external sources

Species in inlet gas Concentration 
[ppm]

Gas flow 
rate [l/
min]

Description

H2O2 100 2 Air bubbled through H2O2 water solution
O3 450 0.8 Outlet from an ozone generator diluted with the air
NO 600 1 Cylinders (2000 ppm of NO in N2, diluted with additional 

N2)
NO2 250 1 Cylinder (1000 ppm of NO2 in synthetic air, diluted with 

ambient air)
NO
NO2

600
100

1 Cylinders (2000 ppm of NO in N2, diluted with additional 
N2 + 1000 ppm of NO2 in synthetic air, diluted with 
ambient air). Only in bulk water experiments

HNO2
NO
NO2

100
600
250

1 Air bubbled through a 20 mM solution of HNO2 prepared 
by mixing 50 mM solutions of NaNO2 and HCl in water
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Bulk water setup

Figure  1 shows a schematic of the experimental setup for the study of gaseous species 
transport in bulk water. The setup consists of the external gas sources (described in the pre-
vious subsection), a gas chamber, a bulk water reactor, and the gas phase analytical tech-
niques (described in subSect. "Gas Diagnostics").

The bulk water reactor and the gas chamber have a cylindrical geometry with a diameter 
of 13 mm. The height of the gas chamber is 11 mm, and the internal volume is ~ 1.4 ml, the 
same as the gas phase volume in the bulk water reactor. The water volume in the bulk water 
reactor was varied from 200 µl to 1000 µl. The water volume changes were enabled by a 
piston at the bottom of the bulk water reactor. The change in the water volume changed the 
height of the water depth, whereas the surface area of water was constant. The bulk water 
surface area exposed to the gaseous species was approximately 133 mm2.

The gas chamber is used to bypass the bulk water reactor before a stable working gas 
mixture is reached. When a desired initial concentration of gas species was reached, a 
3-way solenoid valve (TP-DD014S040F-012DC) diverted the gas flow into the bulk water 
reactor filled with the specified volume of water. The duration of the treatment time during 
which the bulk water was exposed to the incoming gas species was 1, 2, or 4 min. At the 
end of the treatment time, the gas flow was diverted back to the gas chamber by the 3-way 
solenoid valve.

Electrospray microdroplets setup

Figure 2 shows a schematic of the experimental setup for the investigation of the gaseous 
species transport into charged electrospray water microdroplets. The setup consists of the 
external gas sources (described in subSect. "The external sources of gas species"), a reac-
tor, a water supply unit, a DC high voltage (HV) power supply, electrical diagnostic tools, 
and gas phase analytical techniques (described in subSect. "Gas Diagnostics").

Fig. 1   Schematic of the experimental setup for investigation of the gaseous species transport into bulk water
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To generate an electrospray of water microdroplets, a syringe pump (NE-300) 
continuously delivers deionized water to the reactor through a blunt hollow stainless steel 
needle (nozzle) with an inner diameter of 0.5 mm and an outer diameter of 0.7 mm. The 
needle, acting as the anode, is connected to an HV power supply (Spellman Bertan 210-
30R) via a 13 MΩ ballast resistor. The applied voltage is monitored using a DC HV probe 
(Agilent N2771A) and the signal is processed by a digital oscilloscope (Tektronix TDS 
1012).

The applied high voltage of positive polarity must exceed 5 kV to generate a sufficiently 
strong electric field between the tip of the needle (anode) and the grounded wire electrode 
(cathode) to form the electrospray of charged water microdroplets. The gap between the 
two electrodes is 16 mm, and the diameter of the grounded stainless steel wire electrode 
is 1.5 mm. Both electrodes are enclosed in a transparent cylindrical plastic reactor with a 
diameter of 20 mm and a height of 41 mm.

The syringe pump and the HV power supply are turned on for two minutes once the 
concentration of gas species in the working gas mixture has reached and stabilized at the 
desired value. The water flow rate in the experiments ranged from 200 to 1000 µl/min, and 
the applied voltage varied between 5 and 13 kV.

The average size of ES microdroplets generally decreases with increasing applied 
voltage. The ES microdroplets are not uniform in diameter but are characterized by a 
polydisperse distribution of diameters (5–400 µm). For each applied voltage and water 
flow rate, we previously measured histograms of the polydisperse distribution of ES 
microdroplets diameters [65, 66] and this data was used here.

The water microdroplets gradually accumulated and formed a bulk water at the bottom 
of the reactor below the grounded electrode. With the experiment duration of 2 min, the 
total amount of water collected inside the reactor was up to 2 ml (at the water flow rate of 
1000 µl/min). Therefore, there is an adjustable piston at the bottom of the reactor to keep 
the average volume of the gas space above the water level constant at 13 ml, regardless 

Fig. 2   Schematic of the experimental setup for the investigation of the gas species transport into electro-
spray (ES) water microdroplets



	 Plasma Chemistry and Plasma Processing

of the water flow rate and the final volume of the water collected inside the reactor. It 
is necessary to keep the gas space constant so that the average residence time of the gas 
inside the reactor does not decrease with the increasing water flow rate.

Nebulized microdroplets setup

Figure 3 shows a schematic diagram of the experimental setup for the investigation of the 
gas species transport to non-charged nebulized microdroplets. The setup consists of the 
external gas sources (described in subSect. "The external sources of gas species"), a reac-
tor, a water supply unit (nebulizer), an ice bath, and the gas phase analytical techniques 
(described in subSect. "Gas Diagnostics"). Unlike in the previous setups, the gas composi-
tion is monitored before entering the reactor.

The nebulizer reactor has a cylindrical geometry with a diameter of 27 mm. The 
height of the reactor is 90 mm and the internal volume is 50 ml. The nebulizer (Omron 
NE-C300-E) mechanically produces a mist of nebulized water microdroplets with a 
monodisperse size distribution of approximately 1 µm in diameter. The nebulizer delivers 
500 µl of water in the form of microdroplets to the reactor every minute.

The experiment starts, i.e. the nebulizer is turned on for four minutes, only when the 
concentration of gas species in the working gas mixture reaches the desired stable value. 
Unlike the ES microdroplets, the nebulized microdroplets do not form bulk liquid water at 
the bottom of the reactor. Some of the nebulized microdroplets are deposited on the walls 
of the reactor, but most are carried out of the reactor by the flowing gas mixture. To collect 
the water sample for further analysis, an ice bath was used to enhance the condensation 
of the aerosol mist. However, only 200–500 µl of water accumulated in a silicon tube 
immersed in the ice bath after the 4-min experiment that could be collected.

Plasma‑water interaction setup

Figure 4 shows a schematic of the experimental setup for studying the species transport 
from plasma into water. The setup consists of a water supply unit, an air pump, a reactor, 

Fig. 3   Schematic of the experimental setup for the study of gas species transport into non-charged nebu-
lized microdroplets
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a DC HV power supply, electrical diagnostic tools, and gas-phase analytical techniques 
(described in subSect. "Gas Diagnostics").

A blunt needle (as HV electrode) with outer and inner diameters of 0.7 and 0.5 mm is 
used as the anode, which enters the reactor from the top. The needle electrode is connected 
to the HV power supply (Spellman Bertan 210-30R) through a ballast resistor with a 
resistance of 13 MΩ. The applied voltage is measured by an HV probe (North Star PVM-
12, bandwidth 80 MHz). The current is measured as a voltage drop across a 50 Ω resistor 
shunt connected between the ground and the cathode (a 1.5 mm diameter stainless steel 
wire) or by a current transformer (Pearson Electronics model 2877). All electrical signals 
are processed by a digital oscilloscope (Tektronix TDS 2024).

The measured electrical signals are used to calculate the discharge power (P) and input 
energy density (E) [67]. The discharge power of pulsed discharges can be calculated from 
the measured voltage (V) and current (I) waveforms using Eq. (7):

where T is the period covering the entire current pulse and f is the frequency of the 
discharge current pulses. The input energy density in [J/l] can be calculated using Eq. (8):

where q is the input gas flow rate in [l/min].
Unlike previous setups, the reactive species are formed directly inside the reactor by the 

plasma discharge generated in contact with water aerosol at 16 kV (15 kV at the HV needle 
electrode) supplied by the HV power supply between two stainless steel electrodes with a 
gap of 16 mm in ambient air pumped into the reactor at a flow rate of 1 l/min.

(7)P = f × ∫
T

(V × I)dt

(8)E = 60 × P∕q

Fig. 4   Schematic of the experimental setup for studying the transport of plasma-generated species into 
water. Both water supply units were utilized: either the syringe pump with water flow through the needle 
electrode or the nebulizer
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Two different plasma reactors are used depending on the water aerosol system used. 
Plasma and charged ES water microdroplets are produced simultaneously in the reactor 
described in subSect.  "Electrospray microdroplets setup". To study the interaction of the 
plasma with the mist of non-charged nebulized microdroplets, electrodes were installed in 
the nebulizer reactor described in subSect. "Nebulized microdroplets setup".

Diagnostics Tools

Gas Diagnostics

The UV–Vis absorption spectroscopy was used to monitor NO2 and HNO2 in the working 
gas. A pulsed Xe lamp (Ocean Insight PX-2) was used as the light source and absorption 
spectra were measured with an optical emission spectrometer (Ocean Insight STS-UV). 
The spectral resolution of this spectrometer is 3 nm, and the spectra were recorded in the 
range of 185–665 nm. An absorption path length of 32 cm was achieved by using a mirror 
to make a double pass through a 16 cm cuvette. The concentrations of NO2 and HNO2 
could be detected in the range from 20 to more than 1000 ppm.

The UV–Vis absorption technique is absolute. The concentrations of NO2 and HNO2 in 
the gas were obtained by fitting the measured spectra with calculated ‘synthetic’ spectra. 
The synthetic UV–Vis absorption spectra were calculated from the absorption cross 
sections for NO2, and HNO2 downloaded from the MPI-Mainz UV/VIS spectral atlas [68]. 
These absorption cross sections were convoluted to match the spectral resolution of our 
spectrometer, while keeping the area under the curve constant. This approach was verified 
by measuring the NO2 concentration in a calibration gas mixture from a cylinder with 
1000 ppm of NO2.

Electrochemical gas sensors (Membrapor) with a full-scale output of 20 mA (200 mV) 
were used for the detection of H2O2, O3, and NO. The H2O2 gas sensor (H2O2/CB-500) 
has a nominal range of 0–500 ppm, a resolution of < 1 ppm, a maximum overload of 
1000 ppm, and an output signal of 200 ± 50 nA/ppm. The O3 gas sensor (O3/C-1000) has 
a nominal range of 0–1000 ppm, a resolution of 0.3 ppm, a maximum overload of 2000 
ppm, and an output signal of 170 ± 30 nA/ppm. The NO gas sensor (NO/SF-1000) has a 
nominal range of 0–1000 ppm, a resolution of 0.5 ppm, a maximum overload of 2500 ppm, 
and an output signal of 200 ± 50 nA/ppm. Each gas sensor was attached to a transmitter 
board connected to an Arduino circuit. The Arduino circuit processed the signals from 
the sensors and displayed the concentrations of H2O2, O3, and NO on an attached LCD 
display. The gas sensors and UV–Vis absorption cell are connected to the reactor with 
polytetrafluoroethylene flexible PTFE (Teflon) and silicone tubing.

Water diagnostics

The pH of the liquid samples was measured with a pH probe (WTW SenTix Mic) using a 
pH meter (WTW pH 3110). The pH of the deionized water (with conductivity < 3 µS/cm) 
before the treatment was 5.2. The UV–Vis spectroscopic colorimetric methods are used 
for the chemical analysis to measure the concentrations of the dissolved species in water 
in the aqueous phase. The collected water samples with added chemical reagents (after 
less than 1 min from the end of the experiment) are analyzed by a UV/VIS absorption 
spectrophotometer UV-1800 Shimadzu.
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For H2O2(aq) and O3(aq), reagents of Titanium oxysulfate (TiOSO4) and indigo blue 
II are used [69–71], respectively, as described in [65]. For the analysis of NO2¯, Griess 
reagent is used that reacts with NO2¯ under acidic conditions and converts into a deep 
purple azo compound. Colorimetric Assay Kits #780,018 and 780,020 contain the prepared 
ready-to-use Griess reagents: R1 and R2, respectively, provided by Cayman Chemicals, to 
detect the concentration of NO2¯ from 2 up to 50 µM, as calibrated in our laboratory. The 
NO2¯ sample is prepared as (sample: R1: R2 = 2: 1: 1), then after 10 min of mixing, the 
maximum absorption is measured at 540 nm.

Results and Discussion

Transport of species from external sources into bulk water

Figure 5 shows the amount of NO2¯ ions formed in 200–1000 µl of water during 1–4 min 
experiments (static water surface area of bulk water experiment) with external sources of 
species. The working gas contained either 600 ppm of NO in N2 (Fig. 5a) or 250 ppm of 
NO2 in synthetic air (Fig. 5b).

Despite lower gas phase concentrations, NO2 gas produces roughly six times more NO2¯ 
ions in bulk water than NO gas. To better compare the contributions of NO and NO2 to the 
NO2¯ ion formation, we introduce a new metric: NO2¯ formation efficiency. This is defined 
as the ratio of NO2¯ ions formed in water to the total number of NO2 or NO molecules 
initially present in the gas phase.

NO2¯ ion formation in water from nitrogen oxides (NO and NO2) involves their 
dissolution (governed by Henry’s law constants in Table  1) followed by the aqueous 
reactions (3–4) which were described earlier. In the presence of NO2 gas (Fig. 5b), only 
reaction (3) is relevant. However, when only NO gas is introduced, reaction (4) necessitates 
the presence of NO2, which can form from the oxidation of NO by trace amounts of air in 
the system. Despite using a NO/N2 gas mixture, we cannot exclude the possibility of NO 
converting to NO2 due to minor air leaks or surface reactions within the apparatus.

Fig. 5   Molar amounts of NO2¯ ions formed in bulk water as a function of treatment time and water volume, 
under constant water surface area, with the following inlet gas conditions: (a) 600 ppm of NO in N2; (b) 
250 ppm of NO2 in synthetic air
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To clarify the relative contributions of NO and NO2 to the NO2¯ ion formation in water, 
we conducted an experiment with mixtures of NO (600 ppm) and NO2 (100 ppm). We 
calculated the NO2¯ formation efficiency using only the NO2 concentrations (100 ppm). 
The results of this experiment revealed that the efficiency of the NO2¯ formation from NO2 
alone was statistically indistinguishable from that in the NO/NO2 mixtures. This finding 
strongly suggests that the direct contribution of NO to NO2¯ formation is negligible and 
thus will not be considered further (explained in the Supplementary Material in more 
detail). The conversion of NO into NO2 would be an important step to enhance the NO2¯ 
ion formation, but it disables us from reliably studying the sole direct contribution of NO 
to the NO2¯ formation, since the results from the experiments using NO/N2 mixtures may 
be significantly affected by partial unavoidable conversion of NO to NO2.

Neglecting the influence of NO also simplified the analysis of results from the 
measurements in the NO/NO2/HNO2 (HyNOx) mixtures, allowing us to focus on the 
relative contributions of HNO2 and NO2 to the NO2¯ ion formation. Gaseous HNO2 
contributes to NO2¯ ion formation via efficient dissolution in water (with Henry’s law 
coefficient approximately 4000 times greater than that of NO2) followed by its direct 
dissociation in water (reaction 5).

Figure 6 shows the amount of NO2¯ detected in 200–1000 µl of water after experiments 
of 1–4 min treatment time with the HyNOx gas mixture (~ 600 ppm of NO, ~ 250 ppm of 
NO2, and ~ 100 ppm of HNO2). The amount of NO2¯ ions formed in water is about 1 order 
of magnitude higher than in the experiment with only 250 ppm of NO2 from the pressure 
cylinder without HNO2 (Fig. 5b). These results show that HNO2 plays a dominant role in 
the formation of NO2¯ ions. Based on these results we can estimate that less than 10% of 
NO2¯ ions are formed by the solvation of NO2 molecules via reactions (3–4).

Figure 6 presents not only the total amount of NO2¯ ions formed in the water but also 
the amount of NO2¯ remaining after subtracting the expected NO2¯ formed from 250 ppm 
of NO2 gas alone (based on data from Fig.  5b). We assume that the reduced amount of 

Fig. 6   Molar amounts of NO2¯ ions formed in the bulk water in the experiment with HyNOx mixture (~ 600 
ppm of NO, ~ 250 ppm of NO2, and ~ 100 ppm of HNO2). Solid bars represent the measured amount of 
NO2¯ ions, while hatched bars indicate the estimated contribution from HNO2 alone
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NO2¯ ions (without accounting for NO2 gas) comes from the direct solvation of HNO2 
(reaction 5). By utilizing this reduced amount of NO2¯ ions, attributed solely to HNO2, we 
can calculate the efficiency of the NO2¯ ion formation specifically from gaseous HNO2.

Similar to the NO2¯ ion formation efficiency, we can define the transport efficiency 
for H2O2 and O3. This is calculated as the ratio of the number of dissolved H2O2 (or O3) 
molecules measured in the water after the experiment to the total number of H2O2 (or O3) 
molecules present in the gas phase during the experiment.

Figure 7 shows the NO2¯ ion formation efficiencies from NO2 and HNO2, along with the 
transport efficiencies for O3 (from 450 ppm O3 in air) and H2O2 (from 100 ppm H2O2 in 
air), and the dimensionless Henry’s law coefficients of the same species. The water volume 
in the compared experiments was 500 µl, and the treatment time was 1 min. By comparing 
the species shown in Fig. 7, we can see that the NO2¯ formation efficiency in water from 
HNO2 is about 0.14 (i.e. 14% of the available HNO2 molecules were dissolved in water) 
and this is about 23 times higher compared to the NO2¯ formation efficiency from NO2.

An even higher transport efficiency was observed in experiments with H2O2, about 
0.32 (32% of the available H2O2 molecules were dissolved in the water). Ozone, on the 
other hand, showed the lowest transport efficiency. These results are consistent with the 
low solubility of O3 and the high solubility of H2O2, as predicted by the Henry’s law 
constants of these species. The transport of H2O2 and O3 to bulk water is described in more 
detail in our previous work [65]. However, we must emphasize that the ratios between the 
formation/transport efficiencies of individual species are not the same as the ratios of their 
Henry’s law coefficients. Figure 7 also shows the dimensionless Henry’s law coefficients 
kHCC of the studied species for easy comparison with their formation/transport efficiencies.

The variables on both vertical axes in Fig.  7 are dimensionless quantities and span 
over 8 orders of magnitude. On the scale shown, the values of both quantities for H2O2 
are visually almost the same. This is not the case for NO2, HNO2, and O3. Their values 
of the measured formation/transport efficiency are much larger than the value of their 

Fig. 7   Comparison of the formation efficiency of NO2¯ from NO2 and from HNO2, and the transport effi-
ciency of O3 and H2O2 with the dimensionless Henry’s law coefficients (kH.cc) of NO2, HNO2, O3, and H2O2



	 Plasma Chemistry and Plasma Processing

dimensionless Henry’s law coefficient. This means that NO2, HNO2, and O3 are dissolved 
in our experiments with better efficiency than we would expect based only on their Henry’s 
law solubility coefficients, or taken from the other end, H2O2 is dissolved less efficiently 
compared to the other three species.

It should be noted that the strong dissolution of H2O2 depleted it from the gas phase, 
as its concentration was only ~ 100 ppm [65]. If the depletion of H2O2 in the gas phase 
had not occurred, the amount of the transported H2O2 into water could have been even 
greater. Moreover, Henry’s law coefficient describes the ratio of the concentrations of a 
given substance in a liquid and gas at equilibrium. In our 1–4 min experiments, equilibrium 
was probably not yet reached.

Figure 8 shows the decrease of the NO2¯ formation efficiency from gaseous NO2 (250 
ppm of NO2 in the inlet gas) with the increasing treatment time, demonstrating that the 
steady-state conditions have not been reached. With increasing treatment time, the achieved 
concentration of NO2¯ in the liquid starts to play a role leading to a saturation effect. The 
decrease in NO2¯ formation efficiency is most pronounced at the smallest water volume of 
200 µl, where the highest NO2¯ concentration is obtained. One reason for this saturation 
may be a gradual conversion of NO2¯ to NO3¯ in water, resulting in a pH decrease. This 
lower pH, in turn, further promotes the conversion of NO2¯ to NO3¯, thereby diminishing 
the calculated NO2¯ formation efficiency.

Transport of species from external sources into water microdroplets

Figure 9a shows the amount of NO2¯ ions produced by dissolving NO2 (from a mixture 
of synthetic air with 250 ppm of NO2) and Fig. 9b shows the amount of NO2¯ ions pro-
duced by dissolving HNO2 (from a NO/NO2/HNO2 mixture, NO2 contribution subtracted, 
pure NO contribution negligible) in microdroplets from the nebulizer and electrospray. 
The water flow rate in the nebulizer experiments was 500 µl/min. In the ES experiment, 

Fig. 8   Formation efficiency of NO2¯ ions from NO2 gas as a function of treatment time and bulk water vol-
ume
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the water flow rate was varied between 200 and 1000 µl/min, while the applied voltage 
ranged from 5 to 13 kV. The treatment time in the ES experiments was 2 min, whereas it 
was extended to 4 min in the nebulized microdroplets experiments due to insufficient water 
condensation in the ice bath within the initial 2-min period.

Figure 9 presents the estimated amount of NO2¯ ions formed in condensed water from 
the nebulizer within a 2-min timeframe. This estimate was derived by dividing the NO2¯ 
amount measured in the condensed water after 4 min by 2. For comparison, Fig. 9 also 
includes results from 1-min bulk water experiments (Figs. 5b and 6). We chose the 1-min 
bulk water data for this comparison because, in the flow-through microdroplet experiment, 
the average water residence time within the reactor is half of the total 2-min treatment time.

Similar data sets were previously obtained for the other molecules studied, O3 and 
H2O2 [65] Fig. 10a shows the molar amount of O3, and Fig. 10b the molar amount of H2O2 

Fig. 9   Molar amount of NO2¯ ions formed in water in the experiment with a 250 ppm of NO2 in the inlet 
gas, b NO/NO2/HNO2 mixture (NO2 contribution subtracted); comparison of the amount of NO2¯ ions 
formed in the bulk water (1 min, water volume 200–1000 µl), in nebulized microdroplets (water flow rate 
500 µl/min, half of the amount of NO2¯ formed in 4 min is shown) and in ES microdroplets (applied voltage 
5–13 kV, water flow rate 200–1000 µl/min, 2 min)

Fig. 10   Molar amount of (a) O3 and (b) H2O2 dissolved in water, comparison of bulk water (1 min, water 
volume 200–1000 µl), nebulized microdroplets (water flow rate 500 µl/min, half of the amount of O3/H2O2 
transported in 4 min is shown) and ES microdroplets (applied voltage 5–13 kV, water flow rate 200–1000 
µl/min, 2 min). Data were partly taken from [65]
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transported to water microdroplets (and bulk water for comparison) here with added data 
for nebulized microdroplets. In all four data sets, there is the same trend regarding the 
amount of NO2¯ formed in and O3/H2O2 transferred into ES microdroplets. We see not only 
the increase with the increasing applied voltage, but especially a significant increase with 
increasing water flow rate. For the flow rate of 1000 µl/min and the applied voltage of 13 
kV, we obtained at least a fourfold enhancement for NO2¯ ions and H2O2 compared to the 
bulk water, and for O3 even stronger.

The increase in the amount of NO2¯ ions formed in the ES microdroplets with the 
applied voltage and the water flow rate could be explained by the increasing total inter-
face between the gas and water phases. As the applied voltage increases, the droplet size 
decreases, resulting in their larger surface area relative to the volume [65, 66]. As the water 
flow rate increases, there is a greater number of microdroplets. Figure 11a shows the total 
surface area of the gas–water interface for ES microdroplets as a function of the applied 
voltage and the water flow rate. For comparison, the surface area in the bulk water experi-
ment and the nebulized microdroplets are also shown.

The bulk water area exposed to the gas species is only 130 mm2 and is determined by 
the reactor size. In the case of nebulized microdroplets, we first calculated the total number 
of spherical monodisperse droplets with a diameter of 1 µm diameter produced from 1000 
µl of water (flow rate 500 µl/min, experiment duration of 2 min). The total surface area of 
6 × 106 mm2 was then obtained by multiplying the number of microdroplets by the area of 
one microdroplet. We followed a similar procedure to calculate the total surface area for 
the ES microdroplets. However, the ES microdroplets are not uniform in diameter. For each 
applied voltage and water flow rate, we measured the number of droplets with different 
diameters (5–400 µm) [65, 66]. We used the obtained histograms of the polydisperse 
distribution of diameters to estimate the total gas–water surface area over the 2 min 
duration of the experiment, as shown in Fig. 11a.

Figure 11a shows the total surface area of microdroplets. If we consider the gas-to-water 
transport based on the surface area alone, we should obtain much better transport using 
ES microdroplets than in the bulk water experiment, and even several orders of magnitude 
better transport when using the smaller nebulized microdroplets. However, this was not 

Fig. 11   a Total surface area of ES microdroplets as a function of the applied voltage, water flow rates 200–
500 µl/min, and treatment time 2 min. Comparison with bulk water surface area and the total surface area of 
nebulized microdroplets (in 2 min, water flow rate of 500 µl/min); b product of water microdroplet surface 
area and the interaction time (60 s for bulk water, 3 s for nebulized microdroplets, 0.005 s for ES microdro-
plets), water flow rate of ES and nebulized microdroplets 500 µl/min
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experimentally observed. Another key parameter to consider in the studied RONS transport 
is the gas–water interaction time. In the bulk water experiment, it is 60 s. For the nebulized 
microdroplets, it is the residence time of the carrier gas in the reactor. For the gas flow 
rate of 1 l/min and the given reactor volume (50 ml), the residence time of the gas in the 
nebulizer reactor is 3 s. For ES microdroplets, we define the interaction time as the average 
lifetime of the microdroplets, spanning from their formation at the nozzle to their impact 
on the reactor wall. With an average velocity of 5 m/s and an average traveled path of 
2.5 cm, the average time of flight of an ES microdroplet through the reactor is as low as 
0.005 s. Figure 11b compares the product of the gas–water interface surface area and the 
interaction time for bulk water, nebulized microdroplets, and ES microdroplets (water flow 
rate of 500 µl/min).

Compared to the interaction (i.e. treatment) time in the bulk experiment (on the 
order of 100 s), the lifetime of flying ES microdroplets is 4–5 orders of magnitude 
shorter. Considering that the product of the total surface area × treatment time of the ES 
microdroplets is less compared to the bulk due to their much shorter lifetime, one should 
actually expect a lower amount of dissolved RONS in the ES microdroplets than in the 
bulk water. However, this again contradicts the experimental results. To fully consider the 
interaction of RONS with water, it is necessary to consider a gradual formation of a bulk 
water at the bottom of the reactor during the ES experiments, where the total amount of 
dissolved RONS molecules is given by the sum of those dissolved during the short lifetime 
of the flying ES microdroplets and those dissolved in the bulk water formed at the bottom 
of the reactor, which stay there for much longer time.

It should be noted, however, that the absolute comparison of the results obtained in the 
bulk water experiments and the ES experiments is not straightforward. First, the surface 
area of the bulk water in the bulk reactor and in the ES reactor is different. Second, in the 
ES experiments, the water is sprayed into the reactor gradually, while in the bulk water 
batch experiments, water is in the reactor all the time from the beginning. The average time 
the water is exposed to the gaseous species in the ES experiment is only half the treatment 
time of the bulk experiment.

For this reason, the results of the ES experiments at 13 kV with a duration of 2 min and 
a water flow rate of 500 µl/min are compared with the data from the bulk water experiment 
with a duration of 1 min and a water volume of 1000 µl. In these two data sets, the average 
time during which the water is exposed to the gaseous species is the same, as well as 
the total volume of water treated. The same approach is used to compare data from the 
nebulized microdroplets and bulk water experiments.

Figure  12 shows on the left axis the NO2¯ ion formation efficiencies from NO2 and 
HNO2, along with the transport efficiencies for O3 and H2O2, measured in the experiments 
with the nebulized microdroplets and ES microdroplets (at 13 kV), both with water flow 
rate of 500 µl/min and treatment time of 2 min, and bulk water volume of 500 µl and the 
treatment time of 1 min. The right axis shows the dimensionless Henry’s law coefficients 
(kHcc) of the same species. This figure shows an addition of the nebulized and ES microdro-
plets to Fig. 7.

As shown previously in Fig. 7, the NO2¯ formation efficiency in bulk water from HNO2 
is about 0.14 (i.e. 14% of the available HNO2 molecules were dissolved in water) and this 
is about 23 times higher compared to the NO2¯ formation efficiency from NO2. There 
is a slight increase of the NO2¯ formation efficiency from NO2 in the ES microdroplets 
compared to the bulk, while the nebulizer microdroplets decreased it compared to the 
bulk. A similar effect is visible for NO2¯ formation efficiency from HNO2: the nebulizer 
microdroplets reduced the NO2¯ formation efficiency compared to the bulk, while the ES 
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slightly increased it. The NO2¯ formation efficiency in the ES is about 5 times higher than 
in the nebulizer microdroplets.

The transport efficiency of H2O2, was slightly enhanced in both the nebulized and the 
ES microdroplets compared to the bulk water experiment, while the transport efficiency 
of O3 was significantly enhanced in both the nebulized and the ES microdroplets up to 7 
times. These results are consistent with the low solubility of O3 and the high solubility of 
H2O2, as expected by Henry’s law coefficients of these species, also shown in Fig. 12.

As discussed before with Fig.  7, NO2, HNO2, and O3 are dissolved in the bulk 
experiments with much better efficiency than we would expect based only on their Henry’s 
law solubility coefficients, and this effect is even enhanced by aerosolized microdroplets, 
most visibly for O3.

Figure  13 displays the relative increase in the formation of NO2¯ ions from NO2 or 
HNO2, as well as the relative increase in the dissolved amounts of O3 and H2O2, when 
comparing electrospray and nebulized microdroplets to the bulk water experiments. This 
relative increase was calculated by dividing the molar amount of a given species (NO2¯, 
O3, or H2O2) obtained in the microdroplet experiments by the molar amount of the same 
species obtained in the bulk water experiments.

Data in Fig.  13 confirm that transitioning from bulk water to microdroplets most 
significantly enhances ozone dissolution. This result was expected, considering ozone’s 
low solubility, as evidenced by its low Henry’s law coefficient and transport efficiency 
(Fig.  12). For ozone, the substantial increase in interaction surface area resulting from 
microdroplet formation seems to be the primary contributing factor.

The use of nebulized microdroplets is more suitable for the solvation of O3, while the 
use of ES microdroplets is better for the formation of NO2¯ from NO2 or HNO2. We suggest 
that this phenomenon may be related to the fact that the ES microdroplets are electrically 

Fig. 12   Comparison of the formation efficiency of NO2¯ from NO2 and from HNO2, and the transport effi-
ciency of O3 and H2O2 in the nebulized microdroplets (2 min, 500 µl/min), ES microdroplets (13 kV, 2 min, 
500 µl/min), and bulk water (1 min, 500 µl) with the dimensionless Henry’s law coefficients (kH.cc) of NO2, 
HNO2, O3, and H2O2
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positively charged, unlike the nebulized microdroplets. Detailed evaluation of the effect 
of the charge of the microdroplets on the solubility of different RONS will require further 
research. Here, we show that for the formation of NO2¯ from NO2 and HNO2, it is much 
more advantageous when using the charged ES than with the nebulized microdroplets, 
even though the nebulized microdroplets have a much larger surface area to volume ratio 
than the ES microdroplets.

Transport of reactive species from plasma discharge to water microdroplets

The electrical circuit shown in Fig. 4 can generate both self-pulsing streamer corona (SC) 
and transient spark (TS) discharges, depending on the external ballast resistor (R) used. 
The generation of TS typically requires an external ballast resistor of less than 10  MΩ. 
On the other hand, R above 20 MΩ is required to generate SC and avoid the formation of 
occasional spark pulses. By using R = 13 MΩ, it is possible to generate a mixed discharge 
regime, where both SC and TS coexist.

As shown in our previous research, both SC and TS are compatible with the simulta-
neous generation of water microdroplets by electrospray. Here, we verified that these two 
discharges can also operate with nebulized microdroplets. The electrical characteristics of 
the SC and TS current pulses with the ES microdroplets and with the nebulized microdro-
plets were not significantly different (Fig. 14 and Table 3). The repetition rate of the SC 
current pulses was slightly below 4 kHz, while the repetition rate of the TS current spark 
pulses was approximately 100 Hz (Table 3). Despite the presence of spark pulses, the total 
discharge power remained low, below 0.3 W, and the total input energy density was about 
16 J/l, at an air flow rate of 1 l/min.

By utilizing a hybrid SC-TS discharge regime, we aimed to create a low-power 
plasma that combines the chemical reactivity of both SC and TS discharges. This 

Fig. 13   Relative increase in the molar amount of NO2¯ ions formed from NO2 or HNO2, and the solvated 
O3 and H2O2 in ES (13 kV, 2 min, 500 µl/min) and nebulized microdroplets (in 2 min, 500 µl/min) com-
pared to the bulk water (1 min, 1000 µl)
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approach was expected to yield plasma-activated water (PAW) with a balanced concen-
tration of ozone, hydrogen peroxide, and nitrite. Specifically, the SC discharge would 
predominantly generate ozone in humid air, while the TS discharge would primarily 
produce nitrogen oxides and nitrous acid, which could further react to form nitrite ions. 
Both discharges were expected to contribute to hydrogen peroxide formation.

Figure  15 shows (in logarithmic scale) the molar amounts of O3, H2O2, and NO2¯ 
transported/formed in water by the hybrid SC-TS discharge. The treatment time in the 
ES experiments was 2 min. The treatment time in the nebulized microdroplets experi-
ments was 4 min due to the need to accumulate minimal analyzable water volumes and 
the total molar amount of RONS transported/formed in the PAW was then divided by 2.

Using the ES microdroplets, the concentrations of RONS in water increased with 
increasing water flow rate. For the flow rate of 1000 µl/min, we obtained the largest 
amounts of O3, H2O2, and NO2¯ ions.

When comparing the nebulizer and ES at 500 µl/min, slightly more H2O2 is transported 
from the plasma to the nebulized microdroplets than to the ES microdroplets. On the other 
hand, more NO2¯ ions are formed in ES microdroplets than in nebulized microdroplets. 
This finding agrees with the results of the previous section: for the formation of NO2¯, it is 
much more advantageous to use the charged ES than the nebulized microdroplets.

The molar ratio of H2O2 to NO2¯ ions is smaller in ES microdroplets (approximately 2:1) 
than in nebulized microdroplets (approximately 6:1). The relatively balanced concentration 
of both H2O2 and NO2¯ in the formed PAW is an important factor in its antibacterial 
effects, as these two species largely determine the formation of the strongly antimicrobial 
peroxynitrite ONOO¯ [60].

Fig. 14   Voltage and current waveforms of hybrid streamer corona—transient spark (SC-TS) discharge; a 
SC and TS with ES microdroplets; b SC and TS with nebulized microdroplets

Table 3   Electrical parameters 
of the hybrid streamer corona—
transient spark discharge with 
ES or nebulized microdroplets at 
constant Qw = 500 µl/min

discharge frequency (Hz) power ± 0.005 
(W)

energy 
density ± 0.3 
(J/l)

ES SC 3800 ± 20 0.134 8
TS 76 ± 1 0.124 7.4

nebulizer SC 3600 ± 30 0.141 8.5
TS 107 ± 1 0.126 7.6
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Figure 16 compares the molar amounts of O3, H2O2, and NO2¯ transported into water 
produced using the hybrid SC-TS plasma interacting with nebulized microdroplets and 
ES microdroplets (at 13 kV), both with a water flow rate of 500 µl/min. Additionally, 
the amounts of O3, H2O2, and NO2¯ transported into water in experiments with external 
sources of gas species are also shown, for both types of microdroplets at a water flow rate 

Fig. 15   Molar amounts of O3, H2O2, and NO2¯ in PAW produced by hybrid SC-TS plasma after 2 min of 
treatment. The water flow rate from the nebulizer was 500 µl/min, for the ES microdroplets it varied in the 
range of 200 to 1000 µl/min

Fig. 16   Comparison of the molar amounts of O3, H2O2, and NO2¯ formed in water by hybrid SC-TS plasma 
discharge (produced in 2 min, nebulized and ES microdroplets, Qw = 500 µl/min), with the molar amounts 
obtained in experiments with RONS from the external sources (O3 generator, H2O2 solution, 250 ppm NO2 
gas in air, and HNO2 solution)
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of 500 µl/min. For NO2¯, the results are shown for the inlet air enriched either with NO2 or 
with HNO2.

Figure 16 shows (in logarithmic scale) that significantly more H2O2 is transported to 
microdroplets from the external source than from the SC-TS plasma. Assuming a linear 
relationship between H2O2 concentration in water and the gas phase, we can extrapolate 
that the inlet gas H2O2 concentration of the external source would need to be reduced from 
100 ppm to 1–5 ppm to achieve roughly the same amount of H2O2 in water as observed in 
PAW from experiments with the SC-TS plasma (Fig. 17).

This can be also interpreted that the plasma generates gaseous H2O2 at a concentration 
of 1–5 ppm to achieve the observed molar amount of H2O2 in PAW. This concentration 
is below the detection limit of our electrochemical gas sensor. However, we cannot 
exclude the possibility that some H2O2 was generated directly in the liquid water through 
other pathways, such as from OH, HO2, or O(1D) radicals [72–77]. Therefore, the actual 
concentration of H2O2 in air produced by SC-TS discharge may have been even lower than 
the estimated 1–5 ppm.

The amount of O3 transported into water from SC-TS plasma was significantly higher 
than that from the external O3 source (450 ppm). To match the amount of O3 in PAW, the 
external O3 source would require a concentration of 2000–3000 ppm (Fig. 17), assuming 
a linear relationship between O3 concentration in water and gas. However, generating such 
a high concentration of O3 with a hybrid SC-TS discharge is unlikely, especially given that 
TS does not generate ozone but rather NO due to a higher temperature in the discharge 
channel. It is more probable that the measured O3 concentration in water from the plasma 
does not reflect the actual value, as the indigo blue reagent used in the spectrophotometric 
analysis is not perfectly selective for O3. This reagent can also be oxidized by other 
oxidizing agents present in PAW [78].

Regarding NO2¯, approximately the same amount was generated by the SC-TS plasma 
as in the water from the experiments with NO2 from a pressure cylinder. To achieve similar 

Fig. 17   Extrapolated concentrations of O3, H2O2, NO2, and HNO2 that would have to be in the inlet gas in 
the experiments with external sources of these species, to achieve the same molar amounts of O3, H2O2, and 
NO2¯ in the PAW generated by the hybrid SC-TS plasma discharge
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NO2¯ concentrations in water using an external NO2 gas source, the NO2 gas concentration 
would have to be adjusted to 130 ppm (for ES microdroplets) or 260 ppm (for nebulized 
microdroplets). Based on our previous research results, generating 130–260 ppm of NO2 
in the plasma would require a significantly higher frequency of the TS current pulses (> 1 
kHz) and significantly higher input energy density (> 100 J/l) [79].

Therefore, it is highly unlikely that the hybrid SC-TS discharge regime used in these 
experiments could generate enough NO2 to account for the observed amount of NO2¯ in 
PAW. This suggests that even in the presence of plasma, NO2 alone does not appear to be 
the dominant contributor to the formation of NO2¯ in PAW, but it is gaseous HNO2.

Comparing the amount of NO2¯ produced in the experiment with an external HNO2 
source to that generated by plasma shows that 5–15 ppm of HNO2 in the inlet gas would 
be sufficient to achieve the same level of NO2¯ in the water as observed with the plasma. 
Our previous research found that a TS discharge in air with ES microdroplets (100 µl/min) 
generated the HNO2 concentration of approximately 25 ppm at the input energy density of 
about 120 J/l [63].

This suggests that it is theoretically plausible that the necessary amount of HNO2, with 
an approximate 5 ppm concentration in air, has been produced in our experiment with 
hybrid SC-TS discharges. Therefore, we confirm in agreement with our previous findings 
[63] that HNO2 plays a significant role in the formation of NO2¯ in PAW, not only when 
using TS but also with hybrid SC-TS discharges.

Conclusions

The transport of typical air plasma reactive oxygen and nitrogen species (RONS) into water 
was experimentally investigated, focusing on HNO2, NO2, and NO, as well as H2O2 and O3, 
each with distinct Henry’s law solubility coefficients. First, external sources of these single 
gaseous species were employed to compare their transport into bulk water versus water 
aerosols of charged electrosprayed (ES) or uncharged nebulized microdroplets. Second, the 
transport of these species generated in a mixture by a hybrid streamer-spark discharge in 
the air interacting with ES or nebulized microdroplets was investigated.

Comparing NO2¯ ion concentrations in water from experiments using NO and NO2 
cylinders, as well as a HyNOx gas mixture (approximately 600 ppm NO, 250 ppm NO2, 
and 100 ppm HNO2), revealed that NO’s contribution to NO2¯ ion formation is negligible, 
while NO2 contributes to about 10% of the formed NO2¯. The primary contributor to NO2¯ 
ion formation is gaseous HNO2.

When comparing the dimensionless Henry’s law coefficients of NO2, HNO2, O3, 
and H2O2 with the formation efficiency of NO2¯ from NO2 or HNO2, and the transport 
efficiencies of O3 and H2O2, we observe a higher transport efficiency of O3, and a much 
higher formation efficiency of NO2¯ from NO2 or HNO2 than predicted by Henry’s law, 
compared to the transport efficiency of H2O2. The formation efficiency of NO2¯ ions 
from NO2 decreases with treatment time, particularly for smaller volumes of bulk water, 
indicating a saturation effect of NO2¯ ions in water.

The improvement in transport/formation efficiencies by nebulized and ES microdroplets, 
where the surface area is significantly enhanced compared to the bulk water, is most evident 
for the weakly soluble O3. For RNS, NO2¯ ion formation efficiency was strongly improved 
in ES microdroplets compared to bulk water, and this improvement increased with higher 
applied ES voltages. This is likely due to the charge effect in ES microdroplets, which 
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enhances the formation of aqueous nitrite NO2¯ ions when NO2 or HNO2 are transported 
into water. Further research is needed to fully understand the influence of microdroplet 
charge on the transport of different species from gas to liquid water.

Comparisons of the molar amounts of O3, H2O2, and NO2¯ formed in water by hybrid 
SC-TS plasma discharge with those obtained with RONS from the external sources showed 
that.

1) significantly more H2O2 was transported to microdroplets from the external source 
than from the SC-TS plasma, indicating that the discharge likely produced as low as 1–5 
ppm to achieve the measured aqueous concentration;

2) the amount of O3 transported into water from SC-TS plasma was significantly 
higher than that from the external O3 source: as high as 2000–3000 ppm of O3 would be 
needed to match the amount of O3 measured in PAW, which is unlikely, and may indicate 
non-specificity of the indigo blue chemical reagent used for aqueous O3 concentration 
measurement;

3) HNO2 with only 5–15 ppm concentration is the main gaseous precursor of NO2¯ in 
the water as observed by the hybrid SC-TS plasma discharge because the produced TS 
plasma has a relatively low frequency and low input energy density to produce a sufficient 
NO2 to achieve the same amount of NO2¯ in the water.

The findings in this work contribute to a better understanding of the solvation process 
of typical long-lived air plasma-generated RONS. Knowledge of key solvation parameters, 
such as plasma-water surface area and microdroplet charge, can aid in producing plasma-
activated water (PAW) more efficiently and selectively with respect to desired RONS 
composition. This will lead to the optimization of PAW generation plasma systems, which 
can be utilized for various applications in biomedicine, environment, and agriculture.
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