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Abstract: Transient spark (TS), a DC-driven self-pulsing discharge generating a highly reactive
atmospheric pressure air plasma, was employed as a rich source of NOx. In dry air, TS generates
high concentrations of NO and NO2 , increasing approximately linearly with increasing input energy
density (Ed ), reaching 1200 and 180 ppm of NO and NO2 , at Ed = 400 J/L, respectively. In humid air,
the concentration of NO2 decreased down to 120 ppm in favor of HNO2 that reached approximately
100 ppm at Ed = 400 J/L. The advantage of TS is its capability of simultaneous generation of the
plasma and the formation of microdroplets by the electrospray (ES) of water directly inside the
discharge zone. The TS discharge can thus efficiently generate plasma-activated water (PAW) with
high concentration of H2 O2 − (aq) , NO2 − (aq) and NO3 − (aq) , because water microdroplets significantly
increase the plasma-liquid interaction interface. This enables a fast transfer of species such as NO,
NO2 , HNO2 from the gas into water. In this study, we compare TS with water ES in a one stage
system and TS operated in dry or humid air followed by water ES in a two-stage system, and show
that gaseous HNO2, rather than NO or NO2 , plays a major role in the formation of NO2 − (aq) in PAW
that reached the concentration up to 2.7 mM.
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1. Introduction
Highly reactive non-thermal (cold) plasmas (NTP) in atmospheric air can be generated
by various electrical discharges. Their high chemical activity is due to the presence of high
energy electrons. The NTP are therefore very commonly used in various environmental,
surface processing, or biomedical applications [1–3]. The research interest focused on the
cold plasma applications in biology and medicine has dramatically grown during the last
decades, because NTP can efficiently inactivate bacteria and other dangerous microbes and
induce interesting therapeutic effects, e.g., against cancer cells [4,5].
There are several biocidal agents provided by non-thermal plasma treatments: UV
radiation, ions, and reactive neutral species [6–8]. The role of individual agent can vary
depending on the used plasma source, input energy density, or gaseous environment. The
reactive oxygen and nitrogen species (RONS) were demonstrated as the key biocidal agents
produced in the transient spark (TS) air discharge extensively studied in our group [9]. We
previously reported that the dominant gaseous products in the air treated by TS were nitric
oxide (NO) and nitrogen dioxide (NO2 ) [10].
Biomedical applications of NTP often lead to the interaction of plasmas with liquid
media (e.g., water). The generation of NTP in contact with water has therefore become
a hot topic over the last few years [11]. Transport of active species from the plasma
(gas phase) into the liquid phase leads to the production of so-called plasma-activated
water (PAW), with various potential applications in medicine (e.g., wound healing or
inactivation of cancer cells) or in agriculture (e.g., seed germination and plant growth
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promotion, pest control) [12–16]. With PAW, the biocidal effects of plasma can be indirectly
applied in cases where a direct plasma treatment is not possible.
The composition of PAW and thus also its potential application varies with the used
plasma source and working gas [15,17]. The liquid phase RONS in PAW include longlived species: ozone (O3(aq) ), hydrogen peroxide (H2 O2(aq) ), nitrites (NO2 − (aq) ), or nitrates
(NO3 − (aq) ), besides short-lived species that are challenging for diagnostics: hydroxyl OH,
peroxyl HO2 radicals, atomic O, N and H, singlet molecular O2 (1 ∆), superoxide anion
O2 − and other ions. Transport of reactive species from gas to water is the primary source
of the liquid RONS, but the composition of liquid RONS does not perfectly mirror the
concentrations of gaseous RONS. First, the concentration of liquid phase RONS depends on
the solubility of their gas phase counterparts. Second, the composition of PAW is influenced
by a rich set of the subsequent chemical reactions in the liquid phase [18,19].
The highest achievable (saturated) concentration of species in liquid phase cisatur is
determined by Henry’s law:
cisatur = kiH pi
(1)
Here pi is partial pressure and kiH is the Henry’s law coefficient of i-species. For
instance, H2 O2 (with kH = 108,000 mol.kg−1 atm−1 at 298.15 K [20]) is much more soluble
than many other gas phase RONS, having k H by seven orders of magnitude higher than
O3 and NO2 , and by eight orders of magnitude higher than NO. The high solubility of
H2 O2 leads to the depletion of its gas phase concentration near the liquid interface [21,22].
The highest achievable concentration of H2 O2(aq) in the liquid phase is thus limited by
the number of available H2 O2 molecules in the gas phase. On the other hand, for weakly
soluble molecules, such as O3 , the assumption of the constant concentration and partial
pressure in the gas phase is valid. Here, the saturated concentration in the liquid phase
could be achieved without a noticeable decrease of O3 concentration in the gas phase. In
plasma-liquid interactions, the situation is much more complicated, because solubility
determined by Henry’s law coefficient is valid for systems in thermodynamic equilibrium.
This is certainly not the case of NTP interacting with water. Electric fields, temperature
gradients, electrohydrodynamic spray of liquids, charging of water droplets, ionic wind,
chemical reactions among various species, and other phenomena make solvation of reactive species from NTP to water very complicated process that is still not completely
understood [11,21].
The plasma-liquid interface surface area is a key parameter maximizing the contact
between the plasma and the treated water solution, thus determining the obtained plasma
chemical effects [23]. The transformation of bulk water into fine droplets results in an
increase of this interfacial surface area and thus accelerates the transport of reactive plasma
species into the water. The electrohydrodynamic spray of liquids, here simply called
electrospray (ES), is a simple process to produce microdroplets from bulk liquid by a strong
electric field. Despite the pioneering experimental studies describing several ES modes
were conducted more than a century ago [24,25], due to a high application potential of
ES in many areas [26–31], the research of ES continues [32–34], and several reviews were
published recently focused on different aspects of ES [35–37].
The idea of using ES microdroplets to increase plasma-water interface area has been
adopted by several research groups [21,38–40], as well as in our previous works [15,41].
For instance, TS was also used to prepare PAW by the electrospray of fine aerosol droplets
directly through the active plasma zone, which resulted in a very efficient transfer of
gaseous RONS into water. The PAW generated by TS contains besides H2 O2(aq) high
concentration of NO2 − (aq) and NO3 − (aq) [15]. This was attributed to the fact that the
dominant gas phase species in air TS are NO and NO2 .
In this paper we focus on the possible role of gas phase nitrous acid (HNO2 ) on the
PAW generation by TS. Even with much lower gas phase concentration than NO2 and NO,
HNO2 may influence PAW generation significantly since the k H of HNO2
(50 mol kg−1 atm−1 at 298.15 K [42]) is four and five orders of magnitude higher then k H of
NO2 (0.007 mol kg−1 atm−1 at 295 K [43]) and NO (0.0018 mol kg−1 atm−1 at 298.15 K [44]),
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The treated air was either dry synthetic air (99.999% purity, Messer Tatragas, Bratislava,
Slovakia), or humidified synthetic air. In addition, dry and humidified O2 (99.95% purity,
Linde Gas, Bratislava, Slovakia) were used in two comparative experiments. In order to
moisturize the gas, the dry air was bubbled through a bubbler filled with deionised (DI)
water (with conductivity < 3 µS/cm). Typically, the relative humidity around 94–96% was
achieved, verified by humidity sensor. The gas flow rate 1.1 L/min was constant in all
experiments, controlled by rotameters Aalborg. We also performed additional comparative
experiments in 1SS focused on NO and NO2 solvation to ES water microdroplets without
discharge. For this purpose, as well as for calibration of spectrometers, two special pressure
tanks with calibration gases were used: one with 2000 ppm of NO in N2 , the second one
with 1000 ppm of NO2 in synthetic air. Lower concentration of NO and NO2 was achieved
by mixing of gases from these bottles with N2 or synthetic air, respectively. More specific
description of the used discharge and individual components of our experimental setups
follow.
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Appl. Sci. 2021, 11, x FOR PEER REVIEW

Appl. Sci. 2021, 11, 7053

5 of 21

the bottom of the cylindrical reactor. The water is collected in a vessel behind, while the
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2.3. Gas Phase Diagnostics
The analytical system for gas composition analysis consists of three stages. First, the
gas leaving the plasma reactor entered a 10 cm long cell with inner diameter 2.5 mm,

Appl. Sci. 2021, 11, 7053

6 of 20

used for UV-Vis absorption spectroscopy. As a light source, an AvaLight-D-S deuterium
lamp (Avantes, Louisville, CO, USA) is used, along with an Avantes AvaSpec-Mini4096CL
spectrometer for spectrally resolved light detection. Spectral resolution is 0.4–0.5 nm and
spectra in the range 190–650 nm were recorded. Next, the analysed gas passes to the second,
75 cm long cell for UV-Vis absorption spectroscopy, with the same inner diameter 2.5 mm.
As a light source, an Insight PX-2 pulsed Xe lamp (Ocean Insight, Orlando, FL, USA) is used
here, with an Ocean Insight STS-UV spectrometer for spectrally resolved light detection.
Spectral resolution is 3 nm and spectra in the range 185–665 nm are recorded. The UV-Vis
absorption technique enables quantitative simultaneous detection of NO, NO2 , HNO2
and O3 . Measurement in two absorption cells with different lengths serves to expand the
dynamic range of the studied RONS from a few ppm up to more than 1000 ppm. For
example, the 75 cm cell enables quantitative detection of NO approximately in the range
5–200 ppm, while the 10 cm cell expands the upper detection limit of NO up to ~1400 ppm.
The third technique used for analysis of treated gas was Fourier transform infrared
(FT-IR) spectrophotometry (IRAffinity-1S with wavenumber range 7800–350 cm−1 and a
best spectral resolution of 0.5 cm−1 , Shimadzu, Kyoto, Japan). The absorption spectroscopy
in IR region is more versatile, i.e., more compounds can be found in the spectra than in
the UV-Vis region. Besides NO, NO2 , HNO2 and O3 , detectable also in UV-Vis region, we
can detect HNO3 , N2 O, CO, CO2 and almost all volatile hydrocarbons. In practice, the
variations of water vapor concentration during experiments with humid air and with ES
makes analysis of FT-IR spectra more complicated. The obtained spectra are noisy, with
more complicated baseline shifts. Moreover, the used spectrometer is very sensitive to the
electromagnetic noise from TS.
Both FT-IR and UV-Vis absorption techniques are absolute. The concentration of
studied RONS in the gas were obtained by fitting of measured spectra with synthetic
spectra. In order to obtain synthetic FT-IR spectra, we downloaded set of absorption lines
for NO, NO2 , H2 O, HNO3 , O3 and H2 O2 molecules from HITRAN database [48]. Next,
we convoluted these absorption lines to match the calculated spectra with the spectra
measured by our spectrometer for spectral resolution 1 cm−1 . We verified this approach by
measurement of NO and NO2 with known concentration from calibration pressure tanks.
As there is no suitable set of absorption lines for HNO2 , we used absorption cross sections
downloaded from supplemental HITRAN database [49].
The UV-Vis absorption cross sections of NO, NO2 , HNO2 , HNO3 , N2 O4 , O3 and H2 O2
were downloaded from the MPI-Mainz UV/VIS Spectral Atlas [50]. Next, we convoluted all
absorption cross sections measured with better spectral resolution to fit spectral resolution
of our spectrometers, keeping the area under the curve constant. Our approach was verified
by using calibration pressure tanks with the known concentration of NO and NO2 .
Figure 4 shows an example of the experimentally obtained spectrum, fitted by synthetic spectra of NO2 , HNO2 , H2 O2 and NO. We achieved very good agreement between
experimental and synthetic spectra by combined absorption of NO2 , HNO2 , NO and H2 O2
molecules. The H2 O2 absorption cross sections helped us to fit the spectrum in the range
200–280 nm, although the obtained concentrations of H2 O2 are not presented in this paper
because the H2 O2 absorption cross section has no specific pattern and N2 O, N2 O4 , or
HNO3 have very similar cross sections. Absorbance in this part of the spectrum is also
influenced by humidity inside the absorption cell.
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TS generates a highly reactive non-equilibrium plasma (despite a very short temporary gas temperature increase during the spark phase [47]), with chemical effects
3. Results and Discussion
comparable to plasmas generated by short HV pulses [60]. One of the advantages of the
TS generates TS
a highly
reactive with
non-equilibrium
plasma (despite
very
short
in comparison
discharges generated
by short aHV
pulses
is temporary
its capability of sim-

gas temperature increase during the spark phase [47]), with chemical effects comparable to
plasmas generated by short HV pulses [60]. One of the advantages of the TS in comparison
with discharges generated by short HV pulses is its capability of simultaneous generation
of the plasma and the ES of water through the discharge zone. ES cannot be induced by
short voltage pulses applied to the needle. In the TS, the voltage on the hollow needle
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result, the uncertainty of the input energy density Ed is higher, causing a worse repeatability of experimental results. Nevertheless, it is still possible to compare generation of
RONS by TS with and without ES, as shown in the Section 3.1.
The formation of RONS in the gas phase as described in Section 3.1 is just the first
8 of 20
step in PAW generation. The second step is the solvation of gaseous RONS into water
microdroplets. The changes of gaseous RONS concentrations caused by ES of water are
described in Section 3.2. Finally, the Section 3.3 shows results from the analysis of genelectrode
is notexplaining
constant, but
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enough
to induce of
formation
of microdroplets
most by
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erated PAW,
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the
time, NO
except
during the short period after voltage drops associated with gas breakdown
TS (NO,
2 and HNO2) on the achieved concentration of NO2−(aq).
(Figure 5a).
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ing several tens of breakdowns, comparison of voltage waveforms without (black) and with ES
300 μL/min) where periods without breakdowns and TS current pulses appear (e.g., time period 6–
(red; water flow rate Qw = 300 µL/min) where periods without breakdowns and TS current pulses
9 ms).
appear (e.g., time period 6–9 ms).

3.1. Generation
in the Gasthat
Phase
However, of
weRONS
must consider
TS and ES influence each other. This mutual influence
The
analyticalof
method
weand
used
the detectionES
ofcan
various
RONS. only
In thewithout
dry air
causes
instabilities
both ES
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Stable steady-state
be achieved
by the
weadetected
three long-lived
species:
NO,[61].
NO2Vice-versa,
and traces the
of HNO
atreated
discharge
or TS
with
pulselessonly
discharge,
such as glow
corona
water2.
Otherneeded
possible
as O
3 or HNO3 of
were
is a dominant
flow
forRONS,
the ESsuch
causes
instabilities
the not
TS, detected.
as shownNO
in Figure
5b with product
periods
where voltage increases well above the TS onset voltage (~10 kV), but no voltage drops
associated with TS current pulses (e.g., time period 6–9 ms on Figure 5b). During these
periods, only corona discharge may be generated, with much lower power and almost
no generation of nitrogen oxides. Moreover, due to these corona discharge periods, the
uncertainty of f in TS combined with ES is higher than in TS without ES. As a result,
the uncertainty of the input energy density Ed is higher, causing a worse repeatability of
experimental results. Nevertheless, it is still possible to compare generation of RONS by
TS with and without ES, as shown in the Section 3.1.
The formation of RONS in the gas phase as described in Section 3.1 is just the first
step in PAW generation. The second step is the solvation of gaseous RONS into water
microdroplets. The changes of gaseous RONS concentrations caused by ES of water are
described in Section 3.2. Finally, the Section 3.3 shows results from the analysis of generated PAW, explaining importance and contribution of individual RONS generated by TS
(NO, NO2 and HNO2 ) on the achieved concentration of NO2 − (aq) .
3.1. Generation of RONS in the Gas Phase
The analytical method we used enables the detection of various RONS. In the dry air
treated by the TS we detected only three long-lived species: NO, NO2 and traces of HNO2 .
Other possible RONS, such as O3 or HNO3 were not detected. NO is a dominant product
of the air TS plasma with the highest concentration achieved. The concentration of NO
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NO is generated by the modified Zeldovich mechanism. The original Zeldovich mechanism is initiated by the thermal decomposition of N2 and O2 into their atomic states at
high temperature (above ~1500 K). Despite the fact that TS generates ‘cold’
non-equilibrium plasma, the temperature during the short spark phase of the TS can be
as high as ~3000 K [47]. Next, both N and O atomic radicals are able to produce NO:9 of 20
O + N2 → NO + N

(4)

grows almost linearly with increasingNinput
and the concentration of NO
+ O2 energy
→ NOdensity,
+O
(5)
using either dry or humid air are almost identical (Figure 6).
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e + N2 + → N + N
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In the next step, the products of reactions (6) and (7) enhance the NO synthesis,
especially by N production bypassing the rate limiting step in the Zeldovich mechanism
by Reaction (4). Moreover, reactions (4) and (5) can be much faster if one of the reactants is
in an excited state [63,65]. There are many other reactions that can contribute to N or O

Alternatively, the atomic oxygen can oxidize NO to form NO2 in a three-body Reaction (9):
Appl. Sci. 2021, 11, 7053

NO + O + M → NO2 + M

(9)
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However, Reaction (8) producing O3 is faster. Consequently, O3 also oxidizes NO to
NO2:
atoms production. For example, additional O atoms can also be created from O2 molecules
by dissociative electron attachment NO
reaction.
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(10)
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experiments proved that TS can really generate high concentration of O3 (Figure 8), when
As a result, NO is a product with the second highest measured concentration
it is not consumed by2reaction with NO.
(Figure 7). In dry air, there are no other significant products of TS.
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We observed no O3 at the outlet, probably because Reaction (10) is fast enough and
there is a sufficient amount of NO so that O3 is fully consumed by the oxidation of NO to
NO2 before the gas enters the closest UV absorption cell (the estimated delay between the
moment when air is treated by the discharge and when it is analyzed in the short UV cell is
17–20 s). If we assume that Reaction (10) is a dominant source of NO2 , the achieved NO2
concentration (~100–200 ppm, Figure 7) should be approximately equal to concentration of
formed and immediately consumed O3 . To understand O3 formation without its depletion
by NO, we performed experiments in 1SS with TS operating in dry O2 . These experiments
proved that TS can really generate high concentration of O3 (Figure 8), when it is not
consumed by reaction with NO.
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NO2 concentration increases, while the concentrations of NO and HNO2 slightly decrease.
The decomposition of HNO2 may proceed via the following reaction:
HNO2 + HNO2 → NO2 + NO + H2 O.

(14)

Taking into account the instability of HNO2 molecules, we can deduce that their
concentration is higher inside the reactor than when measured in the short UV absorption
cell. Nonetheless, the measured concentration of HNO2 is so high that HNO2 probably
plays a major role in PAW generation by TS with ES, because it has a much higher solubility
than NO2 and NO. Thus, the concentration of RONS in TS with ES is not influenced only
by chemical reactions (11)–(14), but also by the solvation processes discussed in Section 3.2.
3.2. Solvation of Gaseous RONS to ES Microdroplets
The solubility of gases depends on their Henry’s law coefficient. NO, NO2 and HNO2
generated by TS differ significantly from the solubility point of view. The solubility of NO
is the lowest (with Henry’s law coefficient kH = 0.0018 mol kg−1 atm−1 at 298.15 K [44]).
It is easy to show that in an experiment with gas flow 1.1 L/min and water flow rate
100 µL/min, even if we achieve a saturated NO solution, the decrease of the gas phase
concentration of NO is not detectable as it is much smaller than the accuracy of our analytic
techniques. Thus, the decrease of NO concentration generated by TS in dry air with ES
compared to the results without ES (Figure 6), cannot be explained by the solvation of NO
into water.
We assume that there are other processes responsible for this NO decrease. We must
consider instabilities of TS caused by the water flow supplied for the ES, as shown in
Figure 5b with long time scale voltage waveforms. Taking into account the appearance of
short periods without spark pulses and energy consumed on evaporation of the sprayed
microdroplets, we assume that water sprayed into the discharge has a cooling effect. This
could explain a lower efficiency of TS to generate NO at higher input energy densities
(Figure 6).
The solubility of NO2 is slightly higher than the solubility of NO, almost by about one
order of magnitude. However, the decrease of NO2 in the experiment with ES compared
to the dry air (Figure 7) also cannot be dominantly due to the NO2 solvation to liquid
water. Moreover, there was even less NO2 in the experiment in humid air than in dry
air or air with ES. We thus suppose that the observed changes of NO2 concentration are
rather related to the shift in NO2 /HNO2 formation chemistry due to the presence of H2 O
(reactions (11)–(14)).
The solubility of HNO2 is much higher (by three orders of magnitude) than the
solubility of NO2 . Thus, it is possible that the measured gaseous HNO2 concentration is
influenced by the solvation effect. However, it is questionable since the sum of NO2 and
HNO2 (Hy NO2 ) is the same in all experiments (Figure 10). It is therefore possible that
the decrease of HNO2 in the experiment in dry air with ES compared to the experiment
in humid air is caused by the change in NO2 /HNO2 chemistry due to differences in the
humidity.
In the single reactor experiments in 1SS, when comparing the results with and without
ES, it is impossible to separate changes of NO2 and HNO2 concentrations due to solvation
to water, changes in chemical pathways of their formation and decay, cooling effect of
water, or discharge instabilities. In order to assess the role of individual RONS in PAW generation, additional experiments were performed in 2SS with two reactors. The synthetic air
(dry or humidified) was treated by TS in the first reactor. This treated air containing HyNOx
was lead as the inlet gas into the second reactor with ES but without TS. We measured
changes of the gas composition and aqueous NO2 − (aq) and H2 O2(aq) in the accumulated
water (see Section 3.3).
Figure 11 shows the comparison of NO concentration generated by TS in dry and humid
air in 2SS with and without ES treatment in the second reactor (water flow rate 500 µL/min).

Appl. Sci. 2021, 11, x FOR PEER REVIEW
Appl. Sci. 2021, 11, x FOR PEER REVIEW

Appl. Sci. 2021, 11, 7053

14 of 21
14 of 21

Figure 11 shows the comparison of NO concentration generated by TS in dry and
14 ofand
20
Figure
shows
NO concentration
generated
TS inflow
dry
humid
air in112SS
with the
andcomparison
without ESof
treatment
in the second
reactorby
(water
rate
humid
air in These
2SS with
and confirm
without aES
treatment
in of
theNO,
second
reactor
(water flow rate
500
μL/min).
results
low
solubility
because
its concentration
in
500
μL/min).
These
results
confirm
a
low
solubility
of
NO,
because
its
in
gas is within the experimental uncertainty not influenced by ES, both forconcentration
dry and humid
These
results
confirm
a low solubility
of NO,not
because
its concentration
in
gas
is and
within
the
gas
is
within
the
experimental
uncertainty
influenced
by
ES,
both
for
dry
humid
air.
experimental
uncertainty not influenced by ES, both for dry and humid air.
air.

Figure 11. Comparison of NO concentration produced by TS in the first reactor, with and without
Figure
Comparison
NO
concentration
produced
inUV-Vis
the
reactor,
without
Figure
Comparison
NO
concentration
produced
byby
TSTS
in
firstfirst
reactor,
withwith
andand
without
ES
ES
(Qw11.
=11.
500
μL/min) inofof
the
second
reactor (2SS),
measured
bythe
absorption
technique,
short
ESw(Q
= 500
μL/min)
in the
second
reactor
(2SS),
measured
by UV-Vis
absorption
technique,
(Q
= w500
µL/min)
in the
second
reactor
(2SS),
measured
by UV-Vis
absorption
technique,
short short
cell.
cell.
cell.

The
ofof
magnitude
higher
than
thethe
solubility
of
The solubility
solubilityof
ofNO
NO2 2isisalmost
almostby
byone
oneorder
order
magnitude
higher
than
solubility
The
solubility
of
NO
2 is
almost
by
one
order
of
magnitude
higher
than
the
solubility
NO.
There
is
probably
some
decrease
of
NO
due
to
post-discharge
ES
treatment,
especially
2
of NO. There is probably some decrease of NO2 due to post-discharge ES treatment, esofhigher
NO. There
is densities,
probably
some
decrease
of 2NO
2 due to post-discharge
ES treatment,
esat
i.e., when
thewhen
NO
concentration
is higheris(Figure
12).
pecially
atenergy
higher
energy densities,
i.e.,
the
NO2 concentration
higher
(Figure 12).
pecially at higher energy densities, i.e., when the NO2 concentration is higher (Figure 12).

Figure 12. Comparison of NO2 and HNO2 concentration with and without post discharge ES
treatment, measured by UV-Vis absorption technique, short cell, 2SS.

Appl. Sci. 2021, 11, 7053

15 of 20

However, the decrease is still not significant with respect to the experimental uncertainty. The decrease of HNO2 due to ES is more remarkable, despite that after the ES
treatment in the second reactor, the HNO2 concentration is already quite low and the
relative experimental uncertainty is higher. These results indicate the key importance of
HNO2 for PAW generation, which is further confirmed by the PAW analysis.
3.3. Analysis of Plasma-Activated Water
We measured NO2 − (aq) and H2 O2(aq) in plasma-activated water collected during
1SS experiments with TS combined with ES, as well as in water collected during 2SS
experiments, with TS and ES separated into two reactors. As for control, we also performed experiments in 1SS with ES, but without TS. The used gas was either synthetic air
(dry or humidified), or NO and NO2 from calibration pressure tanks, mixed with N2 or
synthetic air, respectively.
In the control experiments with ES, the applied voltage (6 kV) was not sufficient for
TS generation, but it was above the onset voltage of the corona discharge. Due to this, there
was probably some formation of reactive species inside the ES reactor, and we detected
a low concentration of H2 O2(aq) , ~20 µM. This weak corona discharge in air, however,
produced no detectable amount of nitrogen oxides and no NO2 − (aq) was detected in water.
Appl. Sci. 2021, 11, x FOR PEER REVIEW
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leads to exponential-like NO2− decrease in time. In PAW generated by TS, the observed
characteristic decay time was approximately 30–40 min [58]. In our experiments in 2SS,
the collected water sample was mixed with Griess reagent within 5 min after the end of
the experiment. During this time, the NO2− concentration could decrease approximately
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One NO2 − (aq) molecule is produced from two dissolved NO2 − (aq) molecules. If we
assume that NO2 − (aq) is proportional to the gas phase NO2 concentration, Reaction (16)
could explain why the measured concentration of NO2 − (aq) in water can be well fitted as
a quadratic function of the gas phase NO2 concentration (Figure 13, black points), when
NO2 from the pressure tank mixed with dry synthetic air was used.
In the dry synthetic air treated by TS in the first reactor and ES in the second reactor
(2SS), the measured concentration of NO2 − (aq) in water was higher, above the fitting curve
valid for NO2 from the pressure tank (Figure 13, green points). We assume that it can be
explained by the presence of both NO and NO2 in the sprayed gas, i.e., both NO and NO2
can also contribute to the NO2 − (aq) formation via Reactions (15) and (16).
If NO2 in the gas phase plays a dominant role on NO2 − (aq) formation in water, one
could expect less NO2 − (aq) in the water collected during 2SS experiments in humid synthetic air, where the gas phase NO2 concentration produced by TS in the first reactor was
lower compared to that generated by TS in the dry air. On the contrary, significantly higher
NO2 − (aq) concentration was observed (Figure 13, blue points). Here, the TS discharge
in the first reactor generated not only NO and NO2 , but also directly by gaseous HNO2 ,
which can then form NO2 − (aq) directly by its rapid solvation into water microdroplets generated by ES in the second reactor. Figure 13 shows an approximately linear dependence
of NO2 − (aq) on gaseous NO2 when applying ES in humid air treated by TS. This most
likely indicates a linear dependence of NO2 − (aq) on the gaseous HNO2 concentration, since
HNO2 concentration is proportional to the NO2 concentration (Figure 12).
If we assume that the amount of NO2 − (aq) in the liquid phase is proportional to the depletion of HNO2 from the gas phase, we can estimate the expected NO2 − (aq) concentration
in the water. The highest HNO2 decrease observed was approximately 50 ± 10 ppm. Taking
into account gas and water flow rates, the corresponding estimated NO2 − (aq) concentration
in the liquid phase should be 4.4 ± 0.9 mM. The measured NO2 − (aq) concentration was
somewhat lower: 2.7 ± 0.2 mM. This difference could be explained by the instability of
NO2 − (aq) at acidic conditions, because the measured pH = 2.5–2.8 in the collected water.
The disproportionation reaction:
3NO2 − (aq) + 3H+ → 2NO(aq) + NO3 − (aq) + H3 O+

(17)

leads to exponential-like NO2 − decrease in time. In PAW generated by TS, the observed
characteristic decay time was approximately 30–40 min [58]. In our experiments in 2SS,
the collected water sample was mixed with Griess reagent within 5 min after the end of
the experiment. During this time, the NO2 − concentration could decrease approximately
by about 20% from the concentration reached at the moment when the experiment was
stopped. Moreover, conversion of NO2 − (aq) to NO3 − (aq) also occurs during the time of
experiment (4 min) inside the vessel where the water accumulates. Taking into account the
NO2 − (aq) concentration decrease due to Reaction (17) and the experimental uncertainty,
the agreement between the measured NO2 − (aq) concentration and the estimated one from
the HNO2 depletion from the air is satisfactory.
In the previous paragraphs we have discussed and compared differences of NO,
NO2 and HNO2 solubility, and we based our reasoning mainly on differences of Henry’s
law coefficients of these three species. As mentioned in the Introduction, the Henry’s
law coefficient is valid for systems in a thermodynamic equilibrium and in plasma-water
interactions, the solvation process may be influenced by many other phenomena. Here
we must emphasize that in 2SS, the plasma and water did not interact directly. Direct
interaction of plasma with water microdroplets occurred only in 1SS. However, the concentration of NO2 − (aq) in PAW generated in 1SS with a direct contact of TS with microdroplets
is not higher than NO2 − (aq) concentration achieved in 2SS experiments in humid air
with TS and ES separated into two reactors. It shows the same trend and similar values
(Figure 13, cyan vs. blue points). This result justifies the reasons to compare solubility of
species with long lifetime based on their Henry’s law coefficient.
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The major difference between PAW generated by TS with simultaneous ES (1SS),
and water prepared in 2SS by spraying humid air treated by TS in the first reactor, is
the concentration of produced H2 O2(aq) . In the latter case the H2 O2(aq) concentration was
only around 20 µM, while the concentration of H2 O2(aq) in PAW generated by TS with ES
was higher, 60–80 µM. This result can be interpreted so that H2 O2(aq) is created mainly by
solvation of OH radicals with short lifetime and therefore their concentration in the second
reactor of 2SS is negligible. However, we must admit that this is just an assumption that
must be verified by additional measurements.
Another interesting fact concerning H2 O2(aq) is its very low concentration compared
to NO2 − (aq) . In our previous research we showed that TS in an open-air reactor can generate PAW with significantly higher H2 O2(aq) concentration, exceeding the concentration
of NO2 − (aq) [15]. The NO2 − (aq) /H2 O2(aq) ratio was approximately 3:7. In a closed reactor, with higher concentration of NOx in the gas phase, this ratio was much different,
approximately 15:1 in favor of NO2 − (aq) . Here, with even higher concentrations of NOx
in the gas phase, the NO2 − (aq) /H2 O2(aq) ratio is even higher, approximately 30–40:1. We
therefore suppose that new results presented in this paper are consistent with the previous
observations. However, we must admit that the low concentration of H2 O2(aq) in PAW
with very high concentration of NO2 − (aq) and acidic pH can be also explained by a partial
depletion of H2 O2(aq) by its reaction with NO2 − (aq) during the liquid sample accumulation
and processing.
4. Conclusions
Transient spark (TS) discharge in air turns out to be a very efficient source for generation of nitrogen oxides NO and NO2 . More than 1000 ppm of NO was generated with
an input energy density of 400 J/L. It was shown that in humid air, the TS discharge also
generates a significant amount of HNO2 , providing 10–100 ppm of HNO2 depending on
the input energy density.
The air TS discharge in contact with water is very suitable for the generation of plasmaactivated water (PAW), because TS can operate in a direct contact with water electrosprayed
(ES) into the discharge zone. The formation of microdroplets with high interface surface
area facilitates the transfer of reactive species from plasma into water. HNO2 was also
detected in air treated by TS in combination with water ES in one-stage system (1SS). This
indicates an important role of HNO2 in PAW generation, because HNO2 , although directly
produced at lower concentrations, is much more soluble than two other major gas phase
species generated by TS, NO and NO2 .
To assess the role of HNO2 , measurements were performed in two-stage system (2SS),
where dry or humid air was treated by TS in the first reactor and water ES was applied in
the second reactor. The dry air treated by TS in the first reactor contained mainly NO and
NO2 with only traces of HNO2 , while in the humid air, NO2 decreased and HNO2 reached
almost the same concentration of as that of NO2 . For comparison, we also applied ES on
NO and NO2 from pressure tanks diluted in N2 or air, respectively. These experiments
confirmed that solvation to ES microdroplets caused a significant depletion of HNO2 from
the gas phase, while the depletion of NO was not observed, and the decrease of the NO2
concentration was questionable.
The importance of HNO2 for PAW generation by TS in air was proved by the measured
concentrations of NO2 − (aq) in water. The concentration of NO2 − (aq) was much higher in
humid air containing HNO2 than in dry air with higher concentration of NO2 , but almost
no HNO2 in 2SS experiments with TS in the first reactor and ES in the second reactor.
The NO2 − (aq) concentration in 2SS experiments in humid air was similar (or even
higher) than NO2 − (aq) concentration in PAW generated by a direct contact of the plasma
with microdroplets in 1SS. The advantage of using 2SS is the stability and repeatability
of the process. The TS in humid air without ES microdroplets inside the first reactor is
relatively stable and the stable ES of water with higher water flow rate can be also achieved
without TS in the second reactor. On the contrary, in 1SS with a direct contact of the
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discharge with water, the ES and TS negatively influence each other and both ES and TS
are less stable. However, the advantage of using 1SS with generation of TS and ES in the
same reactor is reaching a higher concentration of H2 O2 in the water.
The optimization of the HNO2 generation by TS and of the 2SS with a shorter distance
between TS and ES reactors are planned in future. Further research of undergoing chemistry
is also desirable, both experimentally and by chemical kinetic modeling. Comparison of
biocidal effects of PAW generated in 1SS and 2SS should be also performed to investigate
the role of low vs. high H2 O2(aq) concentration in addition to NO2 − (aq) . Nevertheless, this
experimental study showed that gaseous HNO2 produced in plasma discharges operated
in humid air is a dominant contributor of nitrites in the plasma-activated water.
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