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Abstract

Reactive species generated in the gas and in water by cold air plasma of the transient spark
discharge in various N,/O, gas mixtures (including pure N, and pure O,) have been exam-
ined. The discharge was operated without/with circulated water driven down the inclined
grounded electrode. Without water, NO and NO, are typically produced with maximum
concentrations at 50% O,. N,O was also present for low O, contents (up to 20%), while
O; was generated only in pure O,. With water, gaseous NO and NO, concentrations were
lower, N,O was completely suppressed and HNO, increased; and O; was lowered in O,
gas. All species production decreased with the gas flow rate increasing from 0.5 to 2.2 L/
min. Liquid phase species (H,0,, NO, , NO; , ‘OH) were detected in plasma treated
water. H,O, reached the highest concentrations in pure N, and O,. On the other hand,
nitrites NO, and nitrates NO; peaked between 20 and 80% O, and were associated with
pH reduction. The concentrations of all species increased with the plasma treatment time.
Aqueous 'OH radicals were analyzed by terephthalic acid fluorescence and their concentra-
tion correlated with H,0O,. The antibacterial efficacy of the transient spark on bacteria in
water increased with water treatment time and was found the strongest in the air-like mix-
ture thanks to the peroxynitrite formation. Yet, significant antibacterial effects were found
even in pure N, and in pure O, most likely due to high 'OH radical concentrations. Control-
ling the N,/O, ratio in the gas mixture, gas flow rate, and water treatment time enables tun-
ing the antibacterial efficacy.
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Introduction

Cold atmospheric plasmas, also known as low-temperature, non-thermal or non-equilib-
rium plasmas have been widely studied in many research fields and applications in recent
decades. Cold atmospheric plasmas have several components (sometimes also referred to
as agents): UV radiation, various species (both charged and neutral, including ions, free
radicals, etc.) and electric field. The most important advantage of cold atmospheric plas-
mas is their ability to create a highly reactive environment without causing thermal dam-
age to the target. Therefore, there are many promising applications of cold atmospheric
plasmas in biology, medicine or agriculture. A number of papers studied the plasma ability
to inactivate bacteria from surfaces of thermo-sensitive materials [1, 2], food packages [3],
various foods [4, 5] or seeds surfaces [6—8]. In medicine, atmospheric plasmas have been
tested for various applications in dentistry [9, 10], wound healing [11, 12], tissue prolif-
eration [13] or even cancer treatment [14-20]. In a vast majority of these applications, the
interactions of plasma with liquids take place, as water is a part of every living organ-
ism. Therefore, the importance of understanding the mechanisms of plasma induced chem-
istry in water and aqueous solutions is crucial. Despite many positive biomedical effects
reported, the exact mechanisms of the interaction of plasma with water and biological tar-
gets remain relatively not well understood. The effects of atmospheric plasmas depend on
many parameters, such as discharge type, working gas, energy delivered, reactor geom-
etry, plasma-liquid interface, etc. Furthermore, there is a huge variety of biological tar-
gets (viruses, bacteria, spores, biofilm, fungi, healthy/cancerous mammalian cells, etc.) that
respond to plasma treatments in multiple biochemical/biological ways.

Cold atmospheric plasmas are most typically generated by electrical discharges at
atmospheric pressure in noble gases (Ar, He), ambient air or various N,/O, (air-like) gas
mixtures. In air-like mixtures, the high electric field of atmospheric plasmas is able to
excite, dissociate or ionize air molecules (i.e. N, and O,), thus producing primary reac-
tive species, such as atomic O and N, ‘OH radical, excited N,* or N,* and O, ions. By
several chemical reactions occurring in the gas phase, various reactive oxygen and nitrogen
species (RONS) are generated, e.g. NO, NO,, N,O, HNO,, HNO;, etc. If the discharge
is in the contact with water (or water solution), RONS dissolve in it and induce further
chemical reactions resulting into aqueous RONS (OH, H,0,, NO, , NO; or ONOOH)
in the plasma treated/activated water (PAW) [21, 22]. The plasma interaction with water is
species-specific and transport-limited, which depends on the plasma-liquid interface area.
It is important to note that the plasma treated gas and water strongly affect each other. The
composition of the gas, where the discharge is generated, affects the production of RONS
in the treated water, and vice versa, the presence of water molecules affects the chemical
reactions occurring in the gas and also the discharge properties [23-25].

Varying the gas composition enables us to study the chemical effects of the plasma gen-
erated species in the gas and water. Vice versa, controlling the chemical effects enables us
to optimize parameters for a plasma device for specific applications. Many studies com-
pared the effects of different cold plasma sources [22, 26-29]. Jablonowski et al. [30, 31]
varied N,/O, ratio in the shielding gas of Ar radiofrequency plasma jet activating NaCl
solution. They observed the strongest pH decrease and the highest NO, and NO; con-
centrations at 25% O, in N,, and the highest H,0, concentration in pure N, or O, shielding
gas. The same plasma jet with various shielding N, or O, gases was extensively investi-
gated and applied for multiple biomedical uses, including clinical tests [32, 33]. Similarly,
Girard et al. [34] studied the effect of the shielding gas composition of He plasma jet on
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RONS composition in phosphate buffer saline solution. They found the highest NO, con-
centration at 20% O, in N, shielding gas, and the highest H,O, concentration in pure N,
shielding gas. Variation of H,0, and NO, concentrations in PAW as a function of N,/O,
ratio in He plasma jet were also reported in [35] and [36].

H,0,, NO, and NO; are the main, easy to detect, long-lived species in PAW with
potential important effects on microorganisms. Numerous studies suggested the impor-
tance of the NOZ_ and H,0, synergy [21, 31, 37-39]. Kono et al. [40] reported a mild
inactivation of E. coli if the NO, or H,0, alone was present in the solution, but their
combination enhanced the inactivation of bacteria in dependence on NO, and H,0, con-
centrations, solution pH and time. Many authors agreed that discharges generated in air or
in gas mixtures containing both O, and N, have higher antibacterial efficiency in compari-
son to pure O, or N, gas [31, 41, 42], as they produced both H,0, and NO, . The mutual
reaction of H,0, and NO, produces peroxinitrite/peroxynitrous acid (ONOO /ONOOH),
that is widely considered to be the species most responsible for the antibacterial effects [21,
31, 37, 41, 43, 44]. The importance of ONOO /ONOOH lies in its ability to cross the cell
membrane and decay inside the cell into cytotoxic reactive species with a subsequent dam-
age of the intracellular structures [31, 41], such as direct oxidation of sulfhydryl groups
and initiation of the lipid peroxidation [40]. Therefore, the presence of H,0, and NO, can
be an indicator of the antibacterial potential of PAW. Hozék et al. [45] considered the com-
bination of H,0, and NO; to be the active components of PAW produced by positive DC
corona discharge in a transient spark regime. Juldk et al. and Qi et al. [46, 47] denoted the
biological activity of PAW to H,0, in acidic conditions.

While H,0,, NO, , NO; and other species and their combinations in PAW have anti-
bacterial effects, direct plasma treatment is generally much more efficient for such effects.
This is most likely due to short-lived reactive species. The nature of the species always
depends on the exact plasma-liquid-target interaction conditions [48]. Several studies eval-
uated short-lived reactive species, such as ‘OH radicals and O atoms, that play an important
role in bacteria inactivation [49, 50]. Atomic O radicals, generated in the gas plasma can
indeed penetrate into the plasma treated liquids [51, 52]. Ikawa et al. [53] and Shaw et al.
[54], on other hand, believe that the main factor responsible for the antibacterial activity is
peroxynitric acid O,NOOH through the formation of short-lived O;.

In most reported cases of direct plasma treatment, the strongest antibacterial effects
were found in air-like mixture or a gas mixture containing both O, and N,. Jablonowski
et al. [31] found the most effective inactivation of E. coli ~6 log reduction after 10 min
by Ar plasma jet at 25% O, in N, shielding gas and reported no inactivation for pure O,
or N, shielding gas. Ke et al. [41] also observed the highest E. coli inactivation ~99%
by corona discharge in air-like mixture, compared to pure O, or N,. They observed more
severe damage of bacterial cell membrane in air plasma compared to O, plasma. Moreo-
ver, the direct plasma-induced inactivation was slightly higher than that induced by arti-
ficial chemical equivalent solution of acidified NO, and H,O,. Chen et al. [55] observed
disruption of bacterial membrane, formation of pits, shrinking and distortion on the cell
wall after exposing bacteria to air PAW compared to O, PAW prepared by micro-hollow
cathode discharge. Similarly, Eto et al. [56] observed ~4 log reduction of G. stearothermo-
philus spores at 50% O, in N, after 5 min direct treatment with dielectric barrier discharge.
However, they concluded that UV and O; in combination with chemical reactions in water
vapor contributed to the sterilizing effect, with a major role of ‘'OH radical and O;. On
the contrary, Ke et al. [41] did not find any correlation between bacteria inactivation and
‘OH concentration in (O,, N,, air) PAW. They concluded that although the transient species
such as 'OH radical play a role in the direct bacterial inactivation, it is not the main reason
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for the difference in antibacterial effects of the plasma generated in various N,/O, gas mix-
tures. Some studies found effective bacterial inactivation even when plasma was generated
in pure N,. Van Bokhorst-van de Veen et al. [57] showed inactivation of different heat- and
chemical-resistant spores by N, plasma jet and suggested the important role of reactive
nitrogen species in spore inactivation. In dependence on the plasma source and the bacteria
strain, other studies came to different conclusions. Abonti et al. [58] investigated the effect
of multigas plasma jet (N,, O,, Ar, 50% O, in N,) on three types of oral bacteria cultivated
on agar plates. The plasma generated in O, had the best sterilizing effect on all three types
of bacteria due to a higher level of reactive oxygen species (ROS) (O, O;, 'OH, 102) that
can initiate lipid peroxidation with an increase of membrane fluidity and subsequent cel-
lular leakage. Zhang et al. [50] distinguished the effects of short-lived and long-lived spe-
cies. They concluded the short-lived reactive species, such as ‘OH and O atoms, play an
important role in bacteria inactivation during the plasma treatment, while long-lived reac-
tive species are responsible for destructive effects on bacteria during a longer time that is
needed for better indirect inactivation effects after treatment.

The plasma effect on bacteria depends on various parameters, such as plasma source
(plasma jet, DBD, micro hollow, corona, spark discharge), discharge reactor geometry and
contact with water, gas mixture and water solution composition. Moreover, the plasma
induced effect also depends on the microorganism type, its metabolism and protection
against stress conditions. Therefore, it is crucial to know the concentrations of species pro-
duced by the plasma in the gas phase, understand their subsequent transport into water and
know the concentrations of reactive species in water. It is likely that antibacterial effects
are not the result of single reactive species action, but rather a combination of various spe-
cies determined mainly by discharge properties and gas mixture composition.

The objective of this study was to investigate the effect of gas composition (N,/O, ratio
in nitrogen/oxygen mixtures) on the production of RONS in gas and in water and subse-
quent effects on bacteria, to deeper understand the interaction of cold air plasma with bac-
teria. Particularly, we investigate the effect of transient spark discharge that has been exten-
sively studied in air but not in various N,/O, gas mixtures. The advantage of transient spark
discharge is that it works in non-expensive diatomic gases N,/O, at atmospheric pressure,
compared to widely used but relatively expensive noble gas plasma jets. We study the pro-
duction of reactive species in the gas and subsequently in PAW in dependence on the N,/O,
ratio, the gas flow rate and water treatment time. The effect of the humidity on the produc-
tion of gaseous RONS is also studied by comparing the results with and without water cir-
culating in the system. Besides analyzing RONS such as H,0,, NO, or NO; in water in
dependence on the gas mixture composition, we also monitor ‘OH radical production, for
the first time with transient spark discharge in various N,/O, mixtures. The overall effect
on Gram-negative bacteria E. coli is investigated in pure O, gas, air-like mixture (20% of
0, in N,) and in pure N, gas in order to better clarify the cold plasma components respon-
sible for bacterial inactivation. The correlation between gaseous species, reactive species in
the PAW and bacterial inactivation in the individual gas mixtures is discussed.
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Experimental Setup

The experimental setup is schematically depicted in Fig. 1. It consists of a plasma reac-
tor, equipped with high voltage—power supply and necessary electrical diagnostics, gas
and water containers and driving systems, systems for gas and water analysis, as well as,
the analysis of antibacterial effects.

Plasma Reactor, Electrical Circuit and Diagnostics

The plasma reactor (Fig. 1) of a point-to-plane geometry consisted of a hypodermic
needle used as a high voltage electrode placed above the grounded electrode. The
grounded electrode was embedded in a narrow channel (width and length was 1 and
31 mm, respectively) in the inclined PTFE element (dimensions 31 X 28 mm, angle of
inclination 45°) to allow driving water down the electrode. The electrodes were made of
stainless steel and their distance was kept constant at 1 cm. The system was enclosed in
a small acrylic chamber (volume ~ 1 mL) equipped with gas and water inlets and outlets.

The plasma was generated by a transient spark (TS) discharge. The TS is a DC-driven
self-pulsing repetitive streamer to spark transition discharge. It has been studied and
described in detail in our previous works [59-62]. The discharge was driven by positive
DC high voltage—power supply (Technix S20-R-1200) and its electrical characteristic
were monitored by high voltage probe (Tektronix P6015A) and Rogowski type current
probe (Pearson Electronics 2877) connected to a digitizing oscilloscope (Tektronix TDS
2024).

voltage probe

water flow rate

14 mL/min /

oscilloscope

bacteria cultivation

Fig. 1 Schematic of the experimental setup
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Gas Mixtures and Water

The gas cylinders of nitrogen N, (purity 4.0) and oxygen O, (purity 2.5) were used to pre-
pare various gas mixtures: 0, 10, 20, 50, 80, and 100% of O, in N,. The gas mixture was
driven via PTFE tubes to the reactor and then from the reactor to the FTIR spectrometer
for the gas analysis. The gas flow rate was controlled by the gas rotameters (Aalborg) in the
range of 0.25-2.2 L/min.

We used a non-buffered 7.5 mM monosodium phosphate NaH,PO,-2H,0 solution (con-
ductivity 600 uS cm™', pH 5) that mimics the conductivity of tap water (further referred
only as water, this solution was used also in our previous papers, e.g. [22, 37]). The solu-
tion was prepared by dissolving adequate amounts of NaH,PO,-2H,O in the respective
volume of deionized water prepared by reverse osmotic system (Aqua Osmotic Type 02).
The water was in a container attached to the acrylic chamber placed at the bottom of the
PTFE element. A peristaltic pump (Masterflex L/S) was used to pump the water from the
container to a top of a channel in the element with a constant flow rate of 14 mL/min. The
water was flown down the element where it was treated by a discharge and then dropped
down and was collected in the container.

We used constant volume of water sample (5 mL) and treated it by plasma at two spe-
cific times (5 or 10 min) by TS discharge.

Gas Analysis

The chemical analysis of gaseous species produced by the TS discharge was done by
FTIR absorption spectroscopy (Shimadzu IRAffinity-1S) using a 10 cm long gas cell with
CaF, windows. The spectra measurement was performed in the middle infrared region of
40001000 cm™" with a 0.5 cm™' spectral resolution. The analyzing chamber of the spec-
trometer was purged by high purity (5.2) nitrogen to minimize the effect of the ambient
humidity on the measured spectra. The FTIR spectra allowed for identification of various
species generated by TS discharge in the gas phase, both qualitatively and quantitatively.
The concentrations of main gaseous species, such as nitric oxide NO, nitrogen dioxide
NO,, nitrous oxide N,O and ozone O; were evaluated in absolute (ppm) units based on
previous FTIR calibrations. The concentration of nitrous acid HNO, was evaluated based
on spectrum generated using absorption cross sections for HNO, obtained from HITRAN
database [hitran.org] and deconvoluted to the same spectral resolution to fit it to our meas-
ured spectra.

Water Analysis

The interaction of the TS discharge with water solutions leads to an efficient mass trans-
fer of plasma-generated gaseous reactive species through the plasma-liquid interface into
water and subsequent formation of various aqueous RONS in PAW. Among the main aque-
ous species hydrogen peroxide H,0,, nitrite NO, and nitrate NO; were detected and
their absolute concentrations were evaluated by colorimetric methods based on UV-Vis
absorption spectroscopy (Shimadzu UV-1800). For the analysis of hydroxyl radical OH we
used fluorescence spectroscopy (Shimadzu RF-6000).

Concentration of H,O, was evaluated by titanium oxysulfate TIOSO, assay under acidic
conditions (4 g/L TiOSO, 1:1 with concentrated H,SO,) [21, 37, 63]. The reaction of tita-
nyl ions Ti** with H,0, leads to formation of yellow-colored complex of pertitanic acid
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H,TiO, with the absorption maximum at 407 nm. The color intensity is proportional to the
H,0, concentration. To prevent the H,0, decomposition by the reaction with NO, under
acidic conditions, after the discharge treatment the sample was immediately stabilized by
60 mM sodium azide NaN;. Sodium azide reduces NO, into molecular N, and preserves
the H,O, concentration intact [37]. The used volume ratio of sample:NaN;:TiOSO, was
10:1:5.

Concentrations of NO, and NO; were evaluated by Griess reagents under acidic con-
ditions [64, 65] using the chemicals and according to protocol (Cayman Chemicals Nitrate/
Nitrite Colorimetric Assay Kit # 780001). This method is easy to perform and approved as
precise for NO, measurement in the PAW produced by TS discharge [66]. The reaction of
nitrites (NO, ) with the Griess reagents leads to formation of deep purple azo compound
with the absorption maximum at 540 nm. Nitrates (NO; ) were converted into NO, by
using the nitrate reductase enzyme with cofactor and subsequently analyzed the same way
as NO, . By this procedure the total concentration of NO, plus NO; is evaluated, after
subtracting NO, concentration it gives the NO, concentration. If the concentration of
NO, was too high, we diluted the sample with deionized water to adjust the NO, concen-
tration in the linear absorbance range.

For the 'OH radical measurement we tested two fluorescent probes - terephthalic acid
(TA) and coumarin that have highly specific reaction towards ‘OH radical [67]. Both mol-
ecules are non-fluorescent, only after a contact with ‘'OH radical they can be easily hydrox-
ylated, and their products (hydroxyterephthalic acid (HTA) or hydroxycoumarin) are flu-
orescent. Both 'OH radical probes have certain advantages and disadvantages. Coumarin
is highly soluble in water, however, the produced hydroxycoumarin can be easily decom-
posed by the TS discharge and therefore, it is not suitable for ‘'OH radical evaluation in our
experiment. On the contrary, hydroxyterephthalic acid (HTA) is more stable and because
of the TA molecule symmetry only one isomer is formed by its hydroxylation [68]. There-
fore we used TA as a probe for 'OH radical evaluation. As TA is soluble only in basic solu-
tions, 2 mM TA was dissolved in 5 mM NaOH solution (initial pH 10). Due to a very short
lifetime of "OH radicals, TA was added into the NaOH solution prior to the treatment. The
concentration of HTA in solution after plasma treatment was analyzed by the fluorescence
spectrometry with excitation and emission wavelengths 310 nm and 425 nm, respectively
[69]. As HTA can also be produced from TA by photochemical reactions, the solution of
TA was always stored in dark conditions. The blank fluorescence of TA was equivalent to
40 nM of HTA. The 'OH radical concentration could be evaluated according to the calibra-
tion of HTA solution with fluorescence proportional to the ‘OH radical concentration. Mark
et al. [70] estimated the efficiency of TA reaction with ‘OH radical to 35%.

However, in our PAW conditions where many RONS are present and may interact with
‘OH radical and TA, we cannot reliably measure the ‘OH radical absolute concentration,
since selectivity/specificity of TA reaction with ‘OH may be significantly affected. Moreo-
ver, ‘OH radicals and O atoms often have comparable reactivity, and in case of hydrox-
ylation of aromatics they may result in the same compounds. Therefore, HTA can be a
product of TA+ OH, as well as of TA+O atoms. O atoms are widely generated in the
O,-containing plasmas and can be transported into plasma treated liquids [52]. This means
that a substantial part of the measured HTA can be due to the presence of O atoms, and not
only ‘OH radicals. As a consequence, using TA as a probe we can only measure the relative
‘OH radical concentration.

In summary, we measured absolute concentrations of H,0,, NO, and NO; in water
solution, and relative ‘'OH radical concentration (represented as HTA fluorescence) in
TA 4+ NaOH solution. To be able to relate the production of these species in water with the
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‘OH production, we also measured concentrations of H,0,, NO, and NO; in the plasma
treated NaOH with and without TA, and subsequently also monitored pH changes as a
function of the gas mixture.

Antibacterial Effects

Antibacterial effects of the TS discharge were investigated on Gram-negative bacteria
Escherichia coli (ATCC 25922/CCM 3954). Planktonic bacterial water suspension, i.e.
bacteria floating in the solution was used for experiments. The initial concentration of bac-
teria in solutions was ~ 10’ colony forming units per mL (CFU/mL). The bacterial solution
after plasma treatment was serially diluted and finally 100 pL of the solution was spread on
agar plates. The plates were cultivated at reverse position at 37 °C overnight. As viable we
consider those bacteria which reproduced to form a colony visible by naked eye. The bacte-
rial inactivation was evaluated by standard colony counting method and inactivation effect
was expressed as a logarithmic reduction of bacterial concentration. A test of vulnerability
of E. coli to elevated temperatures and a water flow has been done (5 mL of solution was
circulated for 10 min at 40 and 60 °C) but showed no antibacterial effect.

Data obtained from the measurements are presented as mean values + standard
deviations.

Experimental Results and Discussion

The results and discussion are divided into five sections dealing with the properties of TS
generated in various N,/O, gas mixtures; chemical species formed by TS in the gas without
water flow; chemical species formed by TS in the gas with water flow; chemical species
formed in the water and finally antibacterial effects induced by the plasma treated water.

Discharge Properties

In all experiments a transient spark (TS) discharge of positive polarity was used. TS is
typical with current pulses of high amplitude (order of several A) and very short dura-
tion (10-100 ns), and frequency of the order of several kHz. During the current pulses the
breakdown voltage drops almost to zero, as the electric circuit internal capacity discharges
completely. After the breakdown, the potential across the discharge gap starts to increase as
the capacity recharges until another breakdown occurs.

In our experiments, the typical amplitude of the applied voltage from the power supply
was U,,,=16-17 kV, amplitude of the breakdown voltage was Uy, =7-12 kV, average dis-
charge power was P~4.5-7 W, and amplitude and frequency of the discharge current pulses
were I, =2-7 A and f=2-3 kHz, respectively. These values varied with the gas mixture
composition, i.e. N,/O, ratio and are presented in Table 1. They were also slightly different
in systems with and without the water flow. The amplitude of the current pulses typically
increased with the increase of O, in N,. In pure O, the amplitude was the highest (~5 to
7 A), while in pure N, it was the lowest (~2.4 to 3 A). On the contrary, the frequency of the
discharge pulses was higher (~2 to 4 kHz) and less regular in pure N,, while in pure O, it
dropped to ~1.7 to 2 kHz and was quite regular. As a result, the average discharge power in
various gas mixtures was not equal. The highest average power ~7 W was in the mixtures
containing both O, and N,. As the discharge power may influence the chemical effects in
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Table 1 Summary of the typical 0% 0,(100%N,)  20%0, 50%0, 100% O,
discharge characteristics in
VaIlOllS. NZ/OZI ml).(tures with U, [kV] 7-10 8-10 8-10 11-12
water circulating in the system

max LAl 24-3 3.3-43 34 5-7

f [kHz] 2-4 2.6-2.8 2-3 1.72

P [W] ~4.5 ~6.9 ~7 ~5.8

both gas and water, its stabilization is very important. In the case of TS discharge, that is a
self-pulsing repetitive streamer to spark transition discharge, it represents a real challenge.
Especially when one must keep in mind that the gas mixture strongly influences not only
the frequency of the discharge pulses, but also the overall discharge stability.

The water solution was initially of room temperature, however, extended treatment
by the TS discharge lead to an increase of temperature and evaporation of the water. For
example, with 10 min treatment time the temperature of water increased by 4.1 +1.5 °C
and approximately ~ 10% of its volume was evaporated.

Chemical Species in Gas Mixtures without Water Flow

When plasma is generated in air at atmospheric pressure it produces high energy electrons
that can effectively excite, dissociate or ionize air molecules. The emission of O, N and N*
atomic lines, N,(C) second positive system and also N,*(B) first negative system at higher
discharge pulse frequencies were identified as dominant species in TS discharge generated
in atmospheric pressure air [59, 61]. Beside these radiative species, other species were also
produced. Here we discuss only those that are relevant for the chemical processes in the
gaseous N,/O, mixtures and water.

The cold air discharge plasma reactivity is initiated with electrons that break the dou-
ble bonded O, more easily than the triple bonded N,, therefore the atomic oxygen O and
excited nitrogen molecules N,* are mostly formed as primary species. Excited N,* can
be easily dissociatively quenched by molecular O, thus producing additional atomic O.
High energy electrons can also ionize N, and O, molecules and produce O,* and N, ions.
Those may further react via dissociative electron—ion recombination and form atomic O
and N. Atomic O and N are essential for a production of nitric oxide NO that most probably
occurs via Zeldovich mechanism (O+N,—NO+N and N+0O,—NO+O) [71]. Although
the TS discharge generates cold plasma, the temperature can be high enough during the
spark phase to consider Zeldovich thermal mechanism of NO, production [62]. The atomic
O also contributes to the NO oxidation into nitrogen dioxide NO,. NO can be also oxidized
by O, and especially O; that contributes to the increase of the overall NO, concentration in
the gas. In air-like mixtures treated by the TS discharge, NO and NO, are dominant gase-
ous species that is also shown by FTIR spectrum (Fig. 2). Figure 3 shows concentrations
of NO and NO, as a function of gas composition (N,/O, ratio) without water flow. The
NO and NO, concentrations increased with O, up to 50%, where they reached a maximum
764 ppm and 302 ppm, respectively, at gas flow rate 0.5 L/min. With further increase of O,
in the mixture, the concentration of NO and NO, decreased. In all gas mixtures the abso-
lute concentration of NO was higher than the concentration of NO,. The reason is that the
primary product of Zeldovich mechanism is NO, while NO, is formed by later oxidation of
NO.
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Fig.2 FTIR absorption spectra of gaseous products generated by TS discharge in various gas mixtures (N,/
O, ratio) [gas flow rate Q=0.5 L/min] without water (a) and with water (b) in the reactor
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Fig.3 Concentrations of NO and NO, in gas phase as a function of gas mixture (N,/O, ratio) and gas flow
rate Q without water flow

Figure 3 also shows that with an increasing gas flow rate, the concentrations of NO
and NO, in the gas decreased. It is a result of shorter residence time of gas mixture in the
discharge zone, i.e. decrease of the energy deposited per volume of the gas. The NO/NO,
concentration can be also influenced by other discharge parameters, especially those affect-
ing the deposited energy. In the previous works from our group [22, 62] we monitored con-
centration of NO and NO, in the gas phase as a function of increasing frequency of the TS
current pulses (data not shown) and found that NO increased faster than NO, with increas-
ing pulse frequency, i.e. with the total energy delivered into the plasma by TS pulses.

In addition to NO and NO,, trace amounts of nitrous oxide N,O were observed in the
FTIR spectra without water flow (Fig. 2 a). N,O concentration was also evaluated with
respect to the gas mixture composition (Fig. 4). The highest concentration (3.5 ppm) was
observed for the lowest O, concentration (5%) in N,. In gas mixtures containing mainly N,
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Fig.4 Concentration of N,O 4
produced by TS discharge in the

gas phase as a function of gas é
mixture (N,/O, ratio) [dry gas, \
Q=0.5 L/min, f=2.5 kHz]
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(when O, concentration is below 20% O,), the most possible production of N,O occurs via
reaction of N with NO, (N'+NO, —N,0+ Q) or eventually via reaction of N,* with O,
(Ny(A*EH +0,—N,0+40) [72-74]. In gas mixtures containing higher O, concentration,
N,O depletes during thermal decomposition into N, and O, or NO, thus contributing to
NO concentration prevalence (N,O+ 0O — N, +0,; N,O+0 —2NO) [75]. With respect to
low concentrations of N,O compared to NO and NO,, it can be assumed that its contribu-
tion to the overall chemistry in gas and water, as well as its antibacterial effects, are prob-
ably negligible.

The production of atomic oxygen OCP) can also lead to the formation of ozone O; via
3-body reaction (O+0O,+M — O;+M). This mechanism is efficient especially at lower
gas temperatures, i.e. further away from the plasma channel. In TS discharge generated in
air, however, the concentration of O; is negligible, as during the spark phase the increase
of gas temperature causes a rapid decomposition of O;. Moreover, in the presence of NO
that is efficiently produced in TS, O; would readily oxidize NO resulting into NO, [22].
Ozone in the gas phase was detected only if TS discharge was generated in pure O, both
with and without water flow (Fig. 2). Its concentration in dry O, at gas flow 0.5 L/min
reached 207 ppm. In pure O,, neither NO, NO, nor other gaseous species were found in
FTIR spectra, only O;. NO and NO, were also not detected in FTIR spectrum when pure
N, was used. In general, in pure N, there were no species that could be detectable by FTIR
spectroscopy in our experiments.

Chemical Species in Gas Mixtures with Water Flow

If water molecules are present in the discharge zone, the reaction mechanism presented in
the previous section must also consider the effect of highly reactive species such as ‘OH,
H' and HO, radicals. In our experimental system water is circulated by a peristaltic pump
down the inclined grounded electrode and treated by TS discharge.

The hydroxyl radicals ‘OH can be generated via several possible reactions, mainly by
dissociation of H,0 induced by electrons or by atomic oxygen O('D) or excited metastable
molecules N,(A). In addition, ‘OH radicals can also be produced by a subsequent reaction
of H' radical with atomic O. On the contrary, OH concentration may decay via 3-body
recombination producing hydrogen peroxide H,0,. The production of 'OH radicals in

atmospheric air treated by TS discharge was confirmed by optical emission spectroscopy
[59].
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In the presence of water that leads to ‘OH radical production, other pathways for NO
formation are possible when compared to dry gas N,/O, mixture. Besides NO forma-
tion via above-mentioned Zeldovich mechanism, it can be also formed via reactions
of atomic N with ‘OH radical [76]. When H,O molecules are present in the gas phase,
NO can be oxidized by HO, further to NO, and contribute to NO depletion, yielding
‘OH radicals (NO+HO,— OH+NO,) [77-79]. The HO, radicals can be produced via
mutual reactions of OH, O; and H,0, (e.g. OH+H,0,—HO,+H,0 [14, 78, 80, 81],
0;+H,0,—'OH+HO,+0, [79] or O;+OH—HO,+0, [82]), although reactions
including H,0, O or O, leading to HO,, formation are also possible [83]. Further, ‘OH radi-
cals are essential for further 3-body oxidation of NO and NO, to nitrous acid HNO, and
nitric acid HNO;, respectively [79, 84].

Figure 5 shows concentrations of NO and NO, in the gas phase of the discharge in a
contact with water as a function of N,/O, ratio. We observed a similar dependence (pro-
file) of NO and NO, concentrations on N,/O, ratio as in the system without water (Fig. 3),
although the absolute concentrations with water are lower (Fig. 5). For example, NO con-
centration at 50% O, in N, with and without water was 570 and 764 ppm, respectively. In
the same case, NO, concentration with and without water was 165 and 302 ppm, respec-
tively. The main reason for lower concentrations with water flow is that NO and NO, are
oxidized by ‘OH to HNO, or HNO;. Some of NO and NO, also directly dissolve into water.
We found higher concentration of HNO, in the gas mixtures with water (3.4 ppm) com-
pared to dry gas mixtures (1.7 ppm) at 50% O, in N, at 0.5 L/min gas flow. The concen-
tration of HNO, had a similar profile as NO, NO, concentrations displayed as a function
of N,/O, ratio, i.e. it increased up to 50% O, in N, and then decreased (Fig. 5). With the
increasing gas flow rate, the concentrations of all gaseous species (NO, NO,, HNO,) in the
mixtures with water decreased (data not shown). Similar effect of the gas flow rate was also
observed in dry gas mixtures and is shown in Fig. 3. Besides NO, NO, and HNO, no other
nitrogen species were detected in the FTIR spectra. Traces of N,O or HNO; were expected,
but they were not recognized in the spectra, or their concentration was below the detection
limit.

Formation of Oj in gas phase was observed only in pure O,. The O; concentration in
O, with water was smaller (125 ppm) when compared to dry O, (207 ppm). In O, atmos-
phere with water, some of the formed O; dissolves into the water despite its relatively low
Henry’s law solubility constants [22, 85]. In addition, the presence of water and especially
N, in the gas suppressed the concentration of the generated O;. It is in agreement with the
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fact that maximal O; concentration can be achieved in pure O,, and it decreases with any
impurity or admixture present in the system [86]. In gas mixtures where N, is present,
O; decay is associated with NO oxidation to NO,, as explained above. In the gas mix-
tures with water vapours, O; decay can also happen via a rapid reaction with ‘'OH radicals
(O;+'OH—HO,+0,) [82]. These O; decay mechanisms are probably the reason why we
did not detect any O5 in PAW, not even in pure O, with water. Even if some O; was formed
and dissolved in water, its concentration was probably very small and below the detection
limit of the used indigo trisulphonate method (0.1 uM [87]). More details on O in water
solution are discussed in section “Chemical Species in Water” and in [66]. The gas species
chemistry in humid air mixtures has been described in more detail in [22].

If the discharge was generated in pure N, with water, we detected small concentrations
of NO, NO, and HNO, in the gas phase: 49.3 ppm NO and 9.2 ppm NO, (Fig. 5). On
the contrary, in pure N, without water none of them was detected. The source of O and
‘OH necessary for NO, formation in pure N, is probably from the H,O dissociation by TS
discharge. Therefore, NO, and HNO, can be found in pure N, with water, but not with-
out water. Another source of atomic O necessary for NO, formation can be molecular O,
dissolved in water. Similar to gas mixtures with various N,/O, ratio, also in pure N, the
measured concentrations of NO and NO, in the gas are affected by their partial dissolution
in the PAW.

One could expect formation of some ammonia NHj; in N, discharge with water vapours
[88], and perhaps even in minor amounts in N,/O, mixtures [89]. Indeed, some weak NH
bands have been detected in the emission spectrum of a similar TS discharge in ambient
air [62]. However, no NH; has been detected in FTIR spectra in either of the gas mix-
tures studied, which might be due to its probably very low concentration (detection limit
20 ppm), as well as overlapping with H,O absorption bands.

In pure O, the situation is completely different as here none of NO, NO, and HNO, were
detected both with and without water. While in pure N, the water is a source of oxygen, in
pure O, there is no natural source of N necessary for NO, formation. In addition, solubility
of molecular N, (ky=6.5x10~* M/atm) is two times smaller than of O, (ky=1.3x107°
M/atm) [85] so N, cannot serve as a sufficient N source for NO, formation in pure O,
either.

Apart from NO, NO, and HNO, we did not detect any N,O in any gas mixture when
discharge was operated in contact with water. The reason can be that ‘OH and H' radicals
may rapidly decompose N,0 (N,0+H — N, +'OH, N,0+'0OH— N, +HO,) [79, 90].

Lower measured concentrations of various gaseous species produced in the gas phase
with water compared to the conditions without water are due to the solvation of gase-
ous species in water, depending on their Henry’s law solubility constants. These solva-
tion mechanisms are coupled with the chemical reactions. We admit that the complexity
is large, and our current knowledge on exact gas phase and liquid phase chemistry with
respect to transport of plasma generated species into water is limited. Therefore, along with
the analysis of the gaseous products we also measured and evaluated the concentration of
selected reactive species (H,0,, NO, , NO; and ‘OH) in PAW, and we monitored the pH
of PAW. These results are presented in section “Chemical Species in Water”.

Chemical Species in Water

Details on the air plasma induced chemistry in water were published in [22, 23, 25, 37, 66,
91, 92]. Many of chemical species in the water phase originate in the gas phase [91, 92].
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Hydrogen peroxide H,0, is produced mostly in the gas phase by a 3-body recombina-
tion of 'OH radicals and subsequently dissolved into water very quickly due to its high
Henry’s law solubility (ky=7.1x10* M/atm). However, H,O, can also be formed directly
in water, again by recombination of ‘OH radicals in a 2-body reaction.

Gaseous NO and NO, dissolve and react with water producing nitrites NO, and
nitrates NO3_ and H* [93]. Involvement of other oxidizing species (e.g. 0,/0/0,/O0H) in
the production of NO, and NO; is probable too. HNO, and HNO; produced in gas phase
(HNOj is formed dominantly by ‘'OH+NO, —HNO; [73]) also easily dissolve into H,O
and contribute to NO, and NO; formation in water and further decrease of pH (forma-
tion of H;O™). Formations of NO, and NO; in water solution are considered as main
reactions responsible for PAW acidification, i.e. decrease of pH associated with the release
of H* (H;0%). The acidity of the PAW and its buffering capacity is crucial for further
chemical reactions. The NO, at low pH (below pK,=3.4) is dominantly in the form of
non-dissociated nitrous acid HNO, [94] that is unstable and disproportionates directly, or
through series of reactions (including intermediate products NO™ and NO) into NO; [93],
which contributes to eventually higher concentrations of NO; than NO, in acidic PAW.
At higher pH (above 3.4) nitrite takes form of a dissociated anion NO, . The intermedi-
ates NO" and NO, are known for their strong cytotoxic effects [38, 43]. Moreover, even in
mildly acidic conditions, NO, reacts with H,O, to produce peroxynitrites (or peroxyni-
trous acid) O=NOO (O=NOOH, pK,=6.8) that is also known for its strong cytotoxic
effects [14, 21, 37, 95]. Other pathways leading to formation of peroxynitrites are via reac-
tions among radicals ‘'OH, NO,, O;", NO'. At acidic pH peroxynitrites are very unstable and
quickly decompose to ‘OH and NO,, as well as into NO; . At pH close to neutral they could
decay through the series of reactions into NOZ_ [91, 96, 97]. All RONS are important as
they may cause cell membrane peroxidation, especially at low pH, and play an important
role in antibacterial activity of PAW.

Figure 6 shows concentrations of H,O,, NO, and NO; in PAW as a function of gas
mixture with water treatment time 10 min. In pure N, they were 0.9 mM, 0.4 mM and
0.7 mM, respectively. These concentrations changed with the increase of the O, in gas mix-
ture. The concentration of H,0, and pH decreased and reached minimum at 50% O, in
N,, 0.4 mM and 2.9, respectively. On the other hand, concentrations of NO, and NO;
increased and reached 0.7 and 4.0 mM, respectively, at approximately the same N,/O,
ratio. Then, with the further increase of O, in N, (from 50% up to 100%) the trends change,
with H,0, and pH increasing again and NO, and NO; decreasing. In pure O,, no NO, |
and NO; were detected, while H,0, reached maximum of 1.8 mM and we also observed

Fig.6 Concentrations of H,0,,
NO, and NO; and pH in PAW
as a function of gas mixture (N,/
O, ratio) [gas flow rate 0=0.5
L/min, water treatment time

10 min]

Aqueous NOs;™ [mM], pH
Aqueous H202, NOz™ [mM]

02/(02+N2) [%]
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the weakest decrease of pH (from 5 to 4.3 only). In general, the trend of NO;  as a function
of N,/O, is very similar to the one of NO, , although absolute concentrations of NO; are
much higher as usual in non-buffered solutions where significant pH decrease occurs that
favours disproportionation of NO, into NO; . The trend of H,0, is completely opposite
to NO, and NO; , as conditions that favour NO, formation are not optimal for H,0,
production. H,0, is more effectively produced in pure gases (especially pure O,), when
NO, production is minimal. This is dominantly because NO,™ do not deplete H,O, by
their mutual reaction leading to peroxynitrites.

In pure N, with water, only small concentrations of NO, NO, or HNO, were detected
in the gas phase by FTIR measurements (Fig. 5). However, in N, plasma treated water we
measured considerable RONS concentrations (H,0,, NO, , NO; and ‘OH) and a decrease
of pH (Fig. 6). In the previous section “Chemical Species in Gas Mixtures with Water
Flow” we explained that the O/O, necessary for formation of NO, in the gas and NO, in
water may come from H,O dissociation and also from O, dissolved in water or impurities
in the gas mixture. Dissociation of H,O molecules may in general occur by high-energy
electrons, metastable molecules N,(A) or photo-dissociation by UV radiation that yields
to 'OH radical formation in PAW [1, 31]. The metastable molecules N,(A) were consid-
ered dominant species responsible for ‘OH radical formation in PB solutions treated by He
plasma jet with N, shielding gas [34, 84] and this may similarly occur in our system in pure
N, with H,0. On the other hand, UV radiation emitted by TS plasma is relatively weak
[37], so H,O photodissociation is probably not important in our experimental conditions.

Since NH; can be hypothetically produced in N, plasma with H,O (and in minor
amounts possibly also in N,/O, mixtures with H,O [89]), and its dissolution into water is
relatively significant (ky=5.9 % 10! mol m~3 Pa~! [85]), we attempted to measure its con-
centration in PAW by using the testing strips based on Nessler’s reagent. However, the sen-
sitivity of testing strips is too low and allowed us to measure NH; concentrations as low as
0.5 mM only. No NHj; has been detected by this method, which means that even if present,
its concentration was below the detection limit.

When the discharge was generated in pure O, we detected only 'OH radical and H,0,
but no O3, NO, or NO; in water solutions. The concentration of the formed H,0, was
relatively high (1.8 mM) as a result of a higher formation of ‘OH radicals (Fig. 6). H,0,
accumulated in PAW due to the lack of NO,™ it could potentially react with. In pure O,,
ozone is a dominant gaseous product and it could partially dissolve into water. However,
a brief test with indigo trisulphonate did not indicate any O; in the PAW (detection limit
0.1 uM). Oy is unstable mainly in neutral and basic solutions, when it may react with H,O,
and decompose into ‘OH radical (O;+H,0,— OH +HO, + 0,) via Peroxone process [93].
The process results into a decay of both H,0, and O in water [21]. In our case, this pro-
cess might only contribute when PAW was generated in pure O, where the highest concen-
trations of O; in gas, H,O, in water and the highest pH were observed, if compared to other
N,/O, gas mixtures. However, as the Peroxone process is effective at pH> 5 and not much
O, was detected in the gas phase that would dissolve in water, it probably does not play an
important role in the TS discharge induced water chemistry.

Besides the effect of N,/O, ratio, we also investigated the effect of gas and water flow
rates on gaseous and aqueous chemistry. In the gas mixtures without water we have shown
the effect of the gas flow rate on the gaseous chemistry was significant (Fig. 3). In the
water (data not shown), NO, concentration decreased, while H,0, concentration and pH
increased with the gas flow rate increasing from 0.25 to 2 L/min. The biggest change was
observed between 0.25 and 0.5 L/min. With its further increase from 0.5 to 2 L/min, the
changes in produced species concentrations were much smaller. The decrease of NO,
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concentration corresponds to a decrease of NO, concentrations in the gas with increas-
ing gas flow rate as a result of shorter residence time, as shown in Fig. 3. Moreover, NO,
depletion in the reaction with H,0, (Ieading to ONOOH formation) can also play a role. As
it was also observed in buffered solutions at pH~7 [37, 66], at lower NOZ_ concentration,
the H,O, concentration was always higher, since it was not so effectively depleted by the
reaction with NO, . Perhaps fewer NO, produced in the gas phase (with faster gas flow
rate) saved more ‘OH from dissociated water molecules, which then formed more aqueous
H,0,. With more NO, in the gas (with slower gas flow rate), the formation of HNO, was
supported on the expense of ‘'OH, which resulted in less H,0, in water.

While the effect of the gas flow rate was found significant with respect to gaseous and
aqueous chemistry, the effect of water flow rate was found negligible (data not shown), as
long as the ratio of the total water volume and water treatment time was kept constant.

Besides concentrations of H,0,, NO, and NO; in water, we also evaluated the rela-
tive concentration of ‘OH radical in water solution as a function of N,/O, ratio. For ‘OH
analysis an aqueous solution of TA and NaOH was used, as described in section “Water
Analysis”. Due to the fact that TA may not be fully specific for ‘OH detection in plasma
treated liquids (as we explained in section “Water Analysis”) the relative concentration of
‘OH radicals is presented as HTA fluorescence (Fig. 7). The ‘OH radical profile as a func-
tion of N,/O, ratio qualitatively correlates with the H,O, profile, which supports the idea of
‘OH involvement in the H,O, production. The relative 'OH radical concentration increased
with the increasing O, concentration in gas mixture and in pure O, it was almost one order
of magnitude higher when compared to pure N,. Considering the optimal case of the maxi-
mum possible reaction efficiency of OH radicals with TA and assuming a good specificity
of their reaction with TA, the maximum absolute concentration of 'OH radicals in N,/O,
mixtures would be 0.04 mM. However, the real OH concentration is most probably much
smaller than this. Decreasing water treatment time from 10 to 5 min (both per 5 mL) led to
a decrease of ‘OH relative concentration to approximately half value (data not shown).

The plasma induced chemistry is strongly dependent on pH of the treated water solu-
tion. The problem with ‘'OH measurements with TA is that prior to the plasma activation,
pH of the solution had to be significantly increased to basic values by NaOH to enable
TA solvation. Due to this increased pH values with respect to the typical PAW, we can
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Fig.7 Concentrations of NO, , NO;  in NaOH solution and concentration of H,O,, and ‘OH radical (HTA
fluorescence) in NaOH+TA (OH radical probe) solution as a function of gas mixture (N,/O, ratio) [gas
flow rate Q=0.5 L/min, water treatment time 10 min]
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expect different chemical reactions in these alkaline solutions (NaOH or NaOH + TA,
initial pH 11.5 and 10, respectively) used for ‘'OH radical measurement than in water
(initial pH 5) used for H,0,, NO, and NO; measurements. To be able to relate the
concentration of ‘OH radicals with other species, we measured the pH and concentration
of H,0,, NO, and NO; not only in PAW, but also in water solutions with NaOH + TA
and with NaOH. Figure 7 shows concentrations of ‘'OH and H,O, in NaOH + TA solu-
tion (OH radical probe) and concentrations of NO, , NO; in NaOH solution as a func-
tion of gas mixture (N,/O, ratio). As the figure shows, the concentrations of NO, and
NO; in NaOH solution have similar profiles as in PAW (Fig. 6), despite different initial
pH. H,0, concentration was lower in water in the mixtures at 20-80% O, in N, than
in NaOH + TA solution, which might be attributed to H,O, depletion by the reaction
with NO, in acidic conditions (previously mentioned peroxynitrite mechanism) that
does not occur here in basic environment. No occurrence of the peroxynitrite mecha-
nism, which depletes H,O, in acidic conditions, here in the basic environment of NaOH
(and NaOH +TA), is probably also responsible for the relatively flat H,O, (and 'OH)
profiles across 0-80% O, in N,, since it was mainly NO, that was sensitive to N,/
0, ratio in PAW and this NO, depleted H,0O, in PAW. The increase of H,0, and 'OH
in pure O, is discussed later. Besides other reactions in PAW, the decrease of pH in
NaOH + TA solution with respect to NaOH only could be assigned to TA hydroxylation
(TA+ OH— HTA +H").

As [91, 98] reported, the main pathway for the production of H,0, is 3-body recombi-
nation of ‘OH radicals in the gas. According to several more research papers [23, 51, 52],
H,0, is dominantly produced in the gas phase and then easily dissolves in water, since its
Henry’s law solubility is very high [85]. Therefore, one may presume that the presence of
TA and NaOH in the water, as well as the increased pH, should not affect the chemistry
in the gas and perhaps neither the H,0, transport into water. Kurake et al. [99] found no
notable changes in H,0, concentration in the PAW with D-mannitol used as "OH radical
probe. They suggested that in their case H,O, could be formed via the pathway of water
dissociation to molecular H, and O, (2H,0 — 2H, + O, — H, + H,0,), as it was previously
suggested by Jablonowski et al. [100]. Interestingly, we measured a higher concentration
of H,0, in NaOH+TA than in the NaOH treated in pure O, plasma. This phenomenon
can be explained by the fact that in pure O,, in an excess of ‘OH, besides H,0O, formation,
‘OH may also contribute to the H,0, decomposition (while producing HO;) [81, 93]. How-
ever, in the presence of the ‘OH scavenging probe, the H,0, decomposition by ‘OH might
be suppressed, as reported by [84]. On the other hand, and in agreement with our results,
higher H,O, concentration in the solution with ‘OH probe in pure O, was also reported by
Honnorat et al. [101]. We should note that the intermediate product of Peroxone process
(reaction of H,0, with O;) taking place in the basic solution with ‘'OH probe is HO, and
the final product is ‘OH [93]. 'OH could recombine with another ‘OH to reproduce H,0,
and contribute to the H,0, surplus in NaOH + TA solution treated in pure O, atmosphere.

H,0, decay can be also possibly caused by O atoms in addition to Oz via Peroxone
process mentioned above. O atoms are largely produced by TS plasma in the gas phase
and can be dissolved into the liquid [52, 93]. In the presence of TA (OH radical probe), O
atoms are also scavenged by TA (the problem of selectivity of TA was discussed in section
“Water Analysis”). The scavenged O atoms cannot react with H,0, directly and cannot
form O; (3-body reaction with O, described in section “Chemical Species in Gas Mix-
tures without Water Flow”), which would also keep higher H,0O, concentration. So, the TA,
besides scavenging ‘OH, scavenges also other species (e.g. O) that would normally reduce
the amounts of H,0,, and therefore we detected a surplus of H,0,. The similarity in ‘OH

@ Springer



Plasma Chemistry and Plasma Processing

with H,O, profiles (Fig. 7) indicate a certain correlation, however these results should be
verified with another ‘'OH probe (e.g. DMSO) in future.

Antibacterial Effects

The chemical analyses of the gas mixtures and water were correlated to the antibacterial
effect of TS discharge on Escherichia coli in water. The decrease of bacterial population
was observed for all of three N,/O, gas mixtures (pure O, gas, air-like mixture (20% O,
in N,) and in pure N,). Figure 8 shows the log reduction of E. coli as a function of the gas
mixture (N,/O, ratio) and also as a function of the gas flow rate Q and water treatment
time. The best antibacterial effects were observed in the mixtures where both N, and O,
were present. The maximum 3.6 +0.3 logs was found at 20% O, in N, with the gas flow
rate Q=0.5 L/min and 10 min water treatment time. These results for Q=0.5 L/min and
10 min are shown together with a faster gas flow rate 2 L/min and shorter water treatment
time 5 min. Faster gas flow rate resulted in lower gaseous RONS concentrations (Fig. 3)
as a result of shorter residence time and smaller discharge energy delivered to the same
gas volume. Consequently, higher aqueous RONS concentrations were detected with the
slower Q, thus we observed a stronger antibacterial effect. Similarly, longer water treatment
time (10 min as opposed to 5 min) also expectedly resulted in stronger antibacterial effect.
Both parameters (slower Q and longer water treatment time) play together and resulted in a
stronger antibacterial effect.

The pH decrease probably plays a crucial role as it increases the reactivity of radicals
[44]. The low acidic pH accelerates the reaction between H,0, and NO, to form ONOOH
and subsequently radicals are rapidly produced without giving bacteria enough chances to
respond with their innate antioxidant systems.

We observed a slightly higher E. coli inactivation here in the closed reactor with air
(20% O, in N,) flow of 0.5 L/min (~ 3.6 logs) than in the open reactor in ambient air (~3.2
logs) with the same water treatment time 10 min [102]. The result can be attributed to a
higher humidity and subsequent higher ‘'OH radical production in the closed reactor. The
dependence of ‘'OH radical concentration on the gas humidity was also investigated by
Winter et al. [98]. They also found higher concentrations of RONS in PAW produced in the
closed reactor than in the open reactor.

In pure N, we measured a significant inactivation of E. coli ~2.1 to 2.7 log, despite only
traces of NO, in the gas and only low concentrations of NO, and NO; in the water were
detected. The inactivation is unlikely to be attributed to the UV radiation, as it is probably
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not important in our experimental conditions [37]. Neither increased temperature could
cause the bacterial inactivation, as E. coli showed no vulnerability during a short high tem-
perature test (10 min, 60 °C). As the bacteria are suspended in the solution flowing directly
through the discharge, the contribution from the pulsed electric field may be important.
Potential production of NH; even in very low concentrations in PAW under our detection
limit could also contribute to the antibacterial effect, as NH; is known to be toxic. Never-
theless, significant H,O, (Fig. 6) and even ‘OH radical concentrations (Fig. 7) in combina-
tion with a slight pH decrease and low concentrations of NO, and NO, are the most
probable factors of this inactivation. This issue needs, however, further investigations.

In pure O, where pH did not decrease and NO, and NO; were absent in plasma
treated water, the key antibacterial species ONOOH could not be produced. Despite the
lack of reactive nitrogen species, we still observed an inactivation of E. coli~2-2.1 log.
Similar to pure N,, factors like UV or elevated temperature can be excluded, however not
the effect of the pulsed electric field. On the other hand, in pure O, atmosphere, O; can be
partly responsible for bacterial inactivation, as it has a well-know antibacterial capability
[103] and was the only species detected by FTIR. However, as we mentioned previously,
we did not detect O; in the TS treated water. Therefore, we assume the high concentration
of H,0, and especially ‘'OH could possibly play a more important role in bacterial inactiva-
tion in pure O, atmosphere. The potential role of plasma-generated atomic O that transfers
into water must be analyzed in greater depth in future investigations.

Conclusions

The objective of this study was to investigate the effect of gas composition (N,/O, ratio)
on the production of RONS in gas and in water by transient spark discharge and their sub-
sequent effects on bacteria. The effects of transient spark discharge have been previously
studied in the system with water electrospray and in air mixtures. This study has been per-
formed in the system with water flowing down the inclined grounded electrode and in vari-
ous gas mixtures: 0, 10, 20, 50, 80, and 100% of O, in N,. The gas flow rate was controlled
in the range of 0.25-2.2 L/min and water treatment times 5 and 10 min. The concentra-
tions of various species in the gas phase (NO,, N,O, HNO,, O5) and in water (OH, H,0,,
NO, , NO; ) were measured as functions of gas mixture composition, gas flow rate and
water treatment time. Besides the chemical analysis, the effect on E. coli was investigated
to understand the plasma components responsible for antibacterial effects.

The transient spark discharge of positive polarity was used, with average discharge
power P~4.5-7 W depending on the gas mixture composition, i.e. N,/O, ratio and the
presence of water that affected the overall discharge stability. The chemical analysis of the
gas has detected NO and NO, as the dominant gaseous species. The NO and NO, concen-
trations increased with O, up to 50%, reached a maximum 764 ppm and 302 ppm, respec-
tively (at 0.5 L/min gas flow rate), and then decreased with the further increase of O,.
The concentration of NO was higher than NO, as it is a primary product of Zeldovich
mechanism. NO and NO, concentrations decreased with the increasing gas flow rate, as
a result of shorter residence time of gas mixture in the discharge zone. In mixtures with-
out water, small concentration of N,O was detected (up to 3.5 ppm), especially with low
O, concentration (below 5% O, in N,). With respect to its low concentration the effect of
N,O to the overall chemistry was considered negligible. On the other hand, in the mixtures
with high O, concentrations (in pure O,), O; production was detected (up to 207 ppm). Its
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concentration became negligible with the increase of N,, as a result of high gas tempera-
ture and formation of NO,.

When water flowed down the grounded electrode, the reaction mechanisms changed and
species such as ‘OH and H,0, were generated as a result of H,O dissociation and sub-
sequent recombination. With water, NO can be easily oxidized to NO,, while 'OH radi-
cals are also essential for further oxidation of NO, to nitrogen acids HNO,. With water we
observed similar profile of NO and NO, concentrations in dependence on N,/O, ratio as in
the system without water, although the absolute NO, concentrations were lower. The rea-
son is oxidation of NO and NO, to HNO, or HNO;, as well as direct dissolution of NO and
NO, into water. HNO, was also detected among the gaseous products. With the increasing
gas flow rate the concentrations of all gaseous species decreased. Besides NO, NO, and
HNO,, no other nitrogen species were detected in the FTIR spectra. O; was detected only
in pure O,, but in smaller concentration (125 ppm) compared to the case without water. O,
rapidly decays in a reaction with NO, 'OH, and also partially due to its dissolution in water.
On the other extend, in pure N, with water, small concentrations of NO, NO, and HNO,
were formed, since the source of O and ‘OH necessary for NO, formation was probably the
H,0 dissociation, while without water none of them was detected. As the concentration of
individual species produced in the gas phase was often strongly affected and determined by
their solvation in water depending on their Henry’s law solubility constants, we also meas-
ured and evaluated the concentration of selected reactive species in PAW.

The analyzed reactive species in water were H,0,, NO, , NO, and OH. H,0, was
produced mostly in the gas phase by recombination of ‘OH radicals and subsequently dis-
solved into water. Nitrites NO, and nitrates NO, are mainly the result of gaseous NO and
NO, and gaseous HNO, and HNO; dissolved in water, resulting in acidification of PAW. In
pure N,, considerable concentrations of all RONS species were found and their concentra-
tion was governed by the dissociation of H,O leading to the formation of ‘OH (0.03 mM),
H,0, (0.9 mM), NOZ_ (0.4 mM) and NO3_ (0.7 mM), and significant pH decrease (from
5 to 3.5). At the other extreme, in pure O, the highest concentrations of ‘'OH (0.2 mM) and
H,0, (1.8 mM) were detected in water, however no O;, NO, or NO; and a minimal pH
decrease (from 5 to 4.3). H,0, accumulated in PAW in O,, due to the lack of NO,™ it could
potentially react with. Although O; is a dominant gaseous product in pure O,, it was not
detected in water, neither applies the Peroxone process leading to additional ‘OH radical
formation. In mixtures containing both O, and N,, the concentration of H,0, (0.4 mM)
and OH, as well as pH (2.9) decreased to their minima, while concentrations of NOZ_
(0.7 mM) and NO; (4.0 mM) increased and reached the maximum at 50% O, in N,. The
profile of H,O, concentration as a function of N,/O, ratio is similar to the profile of ‘OH
radicals, which supports the idea of ‘'OH involvement in the H,O, production. Besides N,/
O, ratio, the effects of gas and water flow rates on gaseous and aqueous chemistry was
investigated, too. The effect of gas flow rate was found significant, but the effect of water
flow rate was found negligible with the constant water treatment time. By increasing the
gas flow rate from 0.25 to 2 L/min, H,0, concentration increased and NO, concentration
decreased, due to decreased NO, gaseous concentrations as a result of shorter residence
time and NO, depletion in the reaction with H,0, leading to peroxynitrites.

Chemical analysis of gas and water were correlated with the antibacterial effect of TS
plasma on E. coli in water suspension. The best antibacterial effects were found in the mix-
tures with both N, and O, present. The maximum bacterial inactivation (~3.6 logs) was
found at 20% O, in N, with 0.5 L/min gas flow rate and 10 min water treatment time. It can
be explained by the synergic effect of H,0, and NO, in acidic PAW, which leads to the
production of ONOO /ONOOH at acidic pH, as a result of accelerated reaction of H,0,
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and NO, . These RONS play an important role in antibacterial activity of PAW, as they
may cause cell membrane peroxidation, especially at acidic pH. In pure N, and pure O,,
the bacterial inactivations were lower, 2.5 and 2.0 logs, respectively, most probably being
the result of significant H,O, and 'OH concentrations, with minimum contribution from
NO, . Finally, the closed reactor with air flow showed stronger inactivation than the open
reactor in ambient air, which was attributed to higher ‘'OH radical production in the closed
reactor.

In summary we showed that plasma induced chemistry in the N,/O, gas, in the water
and the plasma-liquid interface is essential for understanding of the bacterial inactivation.
We demonstrated that the composition of the gas mixture needs to be controlled as it has
a significant effect on the bacterial inactivation due to its effects on RONS production and
associated chemistry in water.
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