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Abstract

®

CrossMark

Surface dielectric barrier discharge (SDBD) ignited directly from the liquid electrodes at the
3-phase gas/liquid/solid interface represents a novel approach in both water and polymer surface
treatment methods. This study investigates the gaseous and liquid-phase reactive oxygen and
nitrogen species (RONS) generated by this discharge. The impact of the discharge power and
treatment duration on the concentration of these species in both gas and liquid is explored. The
spatial development of ozone, the prevailing molecule produced by air dielectric barrier
discharge, is studied. The production yields of plasma-generated species in the gas are
described. Additionally, the electrical measurements of the SBDB with liquid electrode are
presented and its characteristics are discussed. The combined investigation of RONS production
yields, electrical discharge characterization, and in-situ ozone evolution provides important
information regarding the presence of the reactive species in the vicinity of the plasma
discharge, supporting further development and targeted applications of this technology.

Keywords: cold atmospheric plasma, liquid electrodes, plasma activated water (PAW),
reactive oxygen and nitrogen species (RONS), surface dielectric barrier discharge (SDBD)

1. Introduction

Plasma-activated water (PAW) in general is a type of water that
has been treated with plasma discharge and has shown poten-
tial use in numerous emerging applications. These applications
of PAW include e.g. enhancement of seed germination, plant
growth [1-3], selective treatment of cancer cells [4], wound
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healing [5, 6], food preservation [7, 8], inactivation of bacteria
[9-11], viruses [12], pests [13], and fungi [14], etc.

The main reason for multiple PAW applications is the
remarkable chemical activity of water (liquids) after being in
contact with non-equilibrium plasma. It is now well known
that electrical discharges in liquids and in the gas phase over
the liquid surface generate a diversity of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) such as
radicals, ions, excited atoms, and molecules (e.g. -O, -OH,
H,0,, 03, N3, O3, etc). These reactive species are capable of
decomposing organic pollutants and killing microorganisms at
atmospheric pressure and ambient temperature [15, 16].

The above-mentioned reactive oxygen and nitrogen species
(RONS) are formed in PAW due to the transport of gaseous
species and radicals generated by the plasma in the vicinity
of the plasma—water interface. The formation of RONS results

© 2025 The Author(s). Published by IOP Publishing Ltd
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in changing the physicochemical properties of PAW, such as
pH, oxidation-reduction potential, total dissolved solids, and
electrical conductivity [17], which in turn changes the plasma
parameters and its effects.

A comprehensive review by Lu et al gives the most import-
ant mechanisms for generating and transporting ROS, RNS,
and other species from the non-equilibrium atmospheric pres-
sure plasmas to the liquid medium [18]. They discuss applica-
tions of RONS in plasma medicine, hygiene, and other fields.
In general, plasma treatment of water-based liquids leads to
the formation of various RONS, which strongly depend on
the reactor configuration and applied operating parameters, as
well as the chemical composition of the gas and liquid. This
enables tailoring the most favorable conditions for each stud-
ied PAW formation process in terms of desired effects and
energy efficiency.

Various kinds of plasma sources have been used to pro-
duce RONS in PAW. The plasma reactors can be categorized
by either indirect contact or direct contact with liquid. In the
former, the treated liquid does not form a part of the dis-
charge electrical circuit, but the plasma is sufficiently close to
allow species interaction and transport. In the latter, including
the one presented in this study, plasmas directly interact with
aqueous liquids.

Plasma jets are the most commonly used non-equilibrium
plasma sources [19-26], but many other studies use, for
example, pin-to-plane (or water) corona or spark discharge
[27-29], pin-in-water discharge with gas bubbling [30, 31],
gliding arc discharge [29, 32, 33], dielectric barrier discharge
(DBD) [10, 34-39] and others [40].

The DBD is characterized by the presence of a dielec-
tric material in between electrodes in various configurations
[41, 42]. Such configurations could be subdivided into volume
DBD and surface DBD. Typically, surface DBD is more effi-
cient than conventional volume DBD [43, 44].

Particularly surface DBD (SDBD) has become a focal point
of extensive research due to its versatile applications in surface
treatments, bio-decontamination, plasma medicine, and treat-
ments of biological fluids and water. It is used as a plasma-
based chemical reactor in many environmental applications,
such as ozone production, NO, conversion, decomposition
of volatile organic compounds, removal of organic pollut-
ants from water, inactivation of microorganisms, and killing
bacteria [43-54].

Ozone is considered to be the most important reactive spe-
cies generated in the SDBD configuration for environmental
applications, especially for water treatment, due to its high
oxidization ability.

Usually, the SDBD plasma is generated in a thin layer along
the dielectric surface. A drawback of SDBD for water treat-
ment is that it does not reach the treated water. This results in
a steep decrease in the concentration of short-lifetime react-
ive species with high oxidation potentials, such as -OH and -O
radicals, in the water.

The configuration that was used in this study addresses
previous limitations by utilizing liquids as electrodes, allow-
ing the SDBD to ignite directly from the liquid surface [48,
49, 55, 56]. Though the area of contact with the liquid is
limited to the perimeter of the dielectric tube that is used,
such a system could be scalable and modified according to
the specific needs. Moreover, besides water activation with
RONS, this approach supports surface treatment and clean-
ing of dielectric tube materials, with potential applications in
material processing and medicine. Altogether, these findings
can drive further development and facilitate the targeted use
of this technology.

In the present work, we investigated the formation of react-
ive species, such as H;O,, O3, NO;, and NOj3, generated by
anew type of SDBD in tap water utilizing UV-VIS absorption
spectroscopy. The Fourier transform infrared (FTIR) absorp-
tion spectroscopy measurements were performed to obtain
information on the concentrations and production yields of
plasma-generated species in the gas. The UV-VIS in-situ
absorption spectroscopy data showing the spatial evolution of
O3 are also presented.

In addition, the mechanism of the RONS production pro-
cesses is discussed. We evaluated the efficiency of the SDBD
for ozone and nitrogen oxides synthesis, which unravels for
the first time the performance of such an SDBD system for
nitrogen oxides and ozone production.

2. Experimental setup

In order to simulate the triple-phase interface (plasma-liquid—
solid) under stable conditions, a thin glass test tube with a dia-
meter of 10 mm and a wall thickness of 0.5 mm, filled with tap
water (electrical conductivity ~0.3 mS cm™') and surrounded
by atmospheric air, was used. The liquid inside the test tube
was connected to the high-voltage (HV) power supply gener-
ating a sine voltage waveform. The test tube was positioned in
the middle of the Petri dish filled with the grounded liquid.
Both electrically insulated solutions (inside and outside the
test tube) served as liquid electrodes as depicted in figure 1.
A more detailed explanation of the discharge could be found
in [49, 56] where a similar principle of the discharge was used.
The SDBD discharge was operated in the ambient air at
atmospheric pressure. The HV sine waveform was set to the
amplitude of 0-20 kV and operated at a frequency of approx-
imately 31 kHz. The power to the liquid electrodes was sup-
plied by a HV resonance generator Lifetech-300 W coupled
with a function generator. The electrical characteristics of
the discharge were monitored using an HV probe (Tektronix
P6015A) and current monitor (Pearson Electronics 4100),
both connected to a digital oscilloscope (Tektronix TBS 2104,
100 MHz, 1 GSa s~ !). Discharge power was calculated using
the Lissajous figure method, with an additional 10 nF series
capacitor added to the circuit for these measurements.
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Figure 1. Schematic of the experimental assembly for the SDBD treatment of water around the glass tube with the in-situ UV-VIS
absorption diagnostics (a) and the discharge photo taken at the discharge power of 10 W (b).

2.1. Current pulse measurements

The single-shot current waveforms were recorded by a digital
oscilloscope using a sample rate of 250 MS s~! which cor-
responds to the sample interval of 4 ns between two adja-
cent data points. A statistical analysis of the recorded cur-
rent pulses was then performed and histograms of the amp-
litudes of current pulses were calculated using our home-
developed computer program. A more detailed explanation
of the program algorithm can be found in [57]. The amp-
litudes of the pulses were evaluated as vertical distances from
the calculated baseline that represents the capacitive compon-
ent of the current (figure 2). Histograms of the current pulse
amplitudes were then generated with 5 mA bin intervals, set-
ting a 10 mA minimum threshold to filter out the noise. The
data in these histograms represent averages from ten record-
ings, and the average pulse amplitude was calculated from
these histograms. Error bars were calculated as standard devi-
ations. While this method may underestimate some microdis-
charges due to the height threshold parameter, it provides
representative data.

2.2. Gas analysis

The analyzed gas was pumped through a gas tube (PTFE,
6/4 mm) placed 1 cm above the grounded liquid electrode by
the air pump with a constant flow rate of 1.3 1 min~!. The
air flow rate determines the gas mixing and accumulation of
gaseous species produced by the plasma and, therefore, has
a big impact on the plasma chemistry in the gas phase and
consequently in the aqueous phase [58]. During the measure-
ments, the air flow rate was chosen as a compromise between

the time needed for filling the gas cell and the detection limit
of the species.

Typically, the humidity in the vicinity of the plasma is elev-
ated due to the water heating by the plasma effects. During the
measurements, the relative humidity was measured by placing
the sensor (Arduino) as close to the plasma as possible. Still,
the distance between the sensor and the plasma was approxim-
ately 5 mm with slight variations based on the input voltage.
The maximum recorded relative humidity was 65%.

2.2.1. Fourier transform infrared (FTIR) spectroscopy. = The
chemical analysis of gaseous species produced by the SDBD
was performed by FTIR absorption spectroscopy (Shimadzu
IRSpirit-X spectrometer) using a 542 cm absorption path gas
cell equipped with ZnSe windows. The spectra measurement
was carried out in the infrared region of 4000-500 cm™!
with a resolution of 0.9 cm~!. The FTIR spectra allowed
the identification of gaseous species (ozone O3, nitrous oxide
N,O, dinitrogen pentoxide N,Os) generated by SDBD dis-
charge. The following absorption bands were used to evalu-
ate the concentrations of detected gaseous species: Oz at 1055
and 2120 cm~!, N,O at 2235 cm~ " and N,Os at 742 and
1245 cm™!. The concentrations of the gaseous species were
evaluated in absolute (ppm) units by modeling the absorption
spectra of each species using a set of absorption lines from the
HITRAN database (more details can be found in [59]).

In addition to the concentration of the gaseous species, the
production yield PY (i.e. the amount of produced gaseous spe-
cies per energy density ED) of the species was also calculated
as follows:

Oxc
P

PY:L:
ED

6]
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Figure 2. Detail of a recorded current waveform with the marked baseline and height threshold.

where Q represents the air flow rate, P is the discharge power,
and c represents the concentration of gaseous species produced
by the discharge.

2.2.2. In-situ O3 detection by UV-VIS absorption technique.

To determine spatial distributions of reactive species con-
centrations around the glass tube inserted in the treated
water in the reactor, the in-sifu measurements using the
UV-VIS absorption spectroscopic technique were performed
(figure 1(a)).

As a light source, deuterium lamp Avantes AvaLight-D-S
was used, with the spectrometer Avantes AvaSpec-Mini4096
CL for spectrally resolved light detection. Spectra in the range
190-650 nm with the spectral resolution is 0.4-0.5 nm were
recorded.

Radiation from a deuterium lamp was reflected by a para-
bolic mirror, which turned it into a parallel beam (diameter
~3 mm, limited by an iris diaphragm) that traveled across
the reactor above the treated water surface in the vicinity of
the glass tube inserted in the treated water. The distance of
the beam from the water surface was varied starting from the
triple-phase point (liquid/solid/gas), up to a maximum dis-
tance of 2.5 cm. The spatial step during the measurements was
0.5 cm.

At the other side of the reactor, the transmitted part of
the radiation was focused by another parabolic mirror to the
optical fiber connected to the entrance slit of the spectrometer.
By comparing the spectrum measured with the plasma on
and off, we determined the ozone concentration by fitting the
measured spectra with the synthetic spectra calculated for the
2 mm absorption path. The UV—VIS absorption cross-section
of O3 was downloaded from the MPI-Mainz UV/VIS Spectral
Atlas [60]. Due to relatively high detection limits (~10 ppm),
concentrations of RNS (NO, NO,, and HNO,) could not be
detected and quantified.

2.3. Water analysis

Plasma—water interactions involve hundreds of various spe-
cies and thousands of reactions in both gas and liquid phases.
Nevertheless, there are some common products and methods

of quantification that are helpful when characterizing the
chemical changes in the water treated [61].

The discharge interacting with water solutions facilitates
an effective transfer of plasma-generated gaseous reactive
species. With the help of UV-VIS absorption spectroscopy
(Shimadzu UV-1800) the main aqueous species such as hydro-
gen peroxide H,O,, nitrite NO;™ and nitrate NO3~ were detec-
ted and their absolute concentrations were evaluated.

The detection of the dissolved ozone was performed by
the indigo blue assay. It is a simple and quantitative colori-
metric standardized method for ozone detection in water and
wastewater [62]. In acidic conditions, O3 rapidly decolorizes
the indigo potassium trisulfonate dye and the colorless product
isatin is formed by the bleaching process. The decrease of
the absorbance at 600 nm (¢ = 2.38 x 10* M~ ! ecm™') is
linear with the increasing concentration of the dissolved Os.
However, it should be noted that this method may not be per-
fectly specific enough for Os. It was previously shown that
it may cross-correlate, especially with -OH radicals or other
ROS in the PAW [63]. Therefore, the indigo blue assay that
was used to detect O3,q) might have overestimated the real
O3(aq) concentration.

The concentration of H,O, was evaluated by titanium
oxysulfate TiOSO,4 assay under acidic conditions [9, 16,
64]. The reaction of titanyl ions Ti*t with H,O, leads
to the formation of a yellow-colored complex of perti-
tanic acid H,TiO4 with an absorption maximum at 407 nm.
The color intensity is proportional to the H,O, concentra-
tion. To prevent the H,O, decomposition by the reaction
with NO3™ under acidic conditions, after the discharge treat-
ment, the sample was immediately stabilized by 60 mM
sodium azide NaNj solution. Sodium azide reduces NO;
into molecular N, and preserves the H,O, concentration
intact [16]. The used volume ratio of sample:NaN3:TiOSO4
was 10:1:5.

Concentrations of NO; were evaluated by Griess reagents
under acidic conditions [65, 66] using the chemicals and
according to the 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 plasma discharge [63]. The reaction of
nitrites (NO; ) with the Griess reagents leads to the formation
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of a deep purple azo compound with an absorption maximum
of 540 nm.

The total NO,~ concentration was evaluated by using
10 mM 2,6-xylenol and acid mixture (H,SO4:H3PO4 as 1:1)
as the reagent. The 10 mM xylenol mixture was prepared by
adding 122.16 mg 2,6-xylenol to 100 ml of 10% glacial acetic
acid. The used volume ratio of sample:acid:xylenol was 1:8:1.
The absorption maximum was recorded between 290 nm and
350 nm after subtracting the control in this region. The max-
imum peak is directly proportional to the concentration of
NO, . If the concentration of NO, ~ was too high, we diluted
the sample with deionized water to adjust the NO, ~ concentra-
tion in the linear absorbance range. Finally, the NO3~ concen-
tration was obtained by subtracting the previously measured
NO;3 concentration from the NO, ~ concentration [66, 67].

The so-called Iodine-starch test based on potassium iod-
ide with starch was chosen to visualize ROS propagation dur-
ing the plasma presence. The iodine-starch test is a chemical
reaction of amylose, present in a common kitchen starch, with
triiodide anions I3 . The potassium salt (KI) was used as the
source of atomic iodine for the color indicator. Amylose itself
does not react with the KI molecule, and the presence of an
oxidizing agent is required, such as ROS particles generated in
the plasma. The reagent contains 0.3% potassium iodide and
0.5% starch. Because the oxidation potential of I, is approx-
imately 0.54 'V, it can detect several ROS with oxidation poten-
tials >0.54 V. Therefore, -OH (oxidation potential 2.80 V), O
(2.42 V), 03 (2.07 V), H,0; (1.78 V), and HO, (1.70 V) can
be detected by this reagent [68].

3. Results and discussion

3.1. Electrical characterization of the SDBD

The acquired voltage and current discharge waveforms are
depicted in figure 3(a). It can be seen that the current has
two components: the first one (sinusoidal) is the displacement
current component flowing through the electrode capacitance.
The second component is a series of narrow pulses which
appears in each half cycle of the applied voltage starting at
the onset value and ending at the peak voltage value. Such an
appearance is typical for the discharge operation in ambient
air.

Figure 3(a) indicates that the discharge is ignited in the
reactor in the form of filamentary streamers, which spread
on the surface of the dielectric barrier accompanied by char-
ging of the dielectric barrier and formation of streamer current
pulses.

The high frequency of the emerging filaments results
in a diffuse-like discharge appearance. With an increase in
discharge power, the discharge becomes more intense and
increases its area. While maintaining its overall visual charac-
teristics, some of the most prominent filaments could be seen.
Concurrently, as the discharge power rises, so does the dis-
charge current. The Lissajous figure from which the discharge
power was estimated is presented in figure 3(b).

The positive polarity half-cycle exhibits a higher amplitude
of current pulses. This finding is consistent with the electrical

characteristics of discharges observed in SDBD actuators [69]
and similar studies [70, 71].

It is known, that the structure of the positive surface dis-
charges resembles a pronounced tree-like structure with rel-
atively homogeneous light emission intensity along its span.
The discharge mechanism of positive surface discharges is of
a streamer nature and no significant transition to the leader dis-
charge takes place in our case. For negative surface discharges,
the diffuse structure resembles a cometary shape. The small
number of peaks in the current waveform during the negative
polarity suggests, as noted by Akishev et al [72, 73], that there
are practically no streamers present.

As can be seen from the current waveform presented in
figure 3(a), the number of negative pulses is significant, how-
ever, most of these negative pulses have low amplitudes. The
computer program that was used to evaluate the number of
pulses intentionally filtered out pulses of low amplitudes so
that signal noise would not erroneously contribute to the res-
ulting pulse numbers. Thus, to avoid significantly biased res-
ults, an amplitude threshold was set to 10 mA (as mentioned in
section 2.1) and the number of pulses with amplitudes below
10 mA has not been presented.

Figures 4(a) and (b) showcase histograms representing
positive and negative current pulses, respectively, detailing
the relationship between quantity and amplitude at a specific
discharge power. These histograms, displayed with vertical
logarithmic scales, provide a comprehensive view of pulse
amplitude distribution during each half-period of the applied
voltage. The analysis reveals that both, the number and amp-
litude distribution of pulses, are influenced by the discharge
power and the polarity of the applied voltage. Noteworthy
is the substantial increase in the average number of posit-
ive pulses exceeding 10 mA as the discharge power escal-
ates. Specifically, the average number of such pulses surged
from approximately 5 £ 1-37 £ 2 within the power range of
2.5 W to 15 W, indicating a pronounced correlation between
discharge power and pulse quantity.

3.2. Gas phase analysis

The nonthermal plasma generated by atmospheric-pressure air
discharges is characterized by a strong chemical activity. In the
gas phase, discharges can produce various molecular species
whose composition depends on multiple factors, such as the
type of discharge, gas mixture, and discharge power [74]. One
of the most abundant gaseous products of air discharges, in
particular DBDs, is ozone O3 [75, 76]. O3 is principally pro-
duced by a three-body reaction of -O atoms with O, molecules
with the help of a third collision partner [75].

The production of O3 by air DBDs is often accompanied by
the production of nitrogen oxides NO,. Out of them, nitrous
oxide N,O is one of the most frequent nitrogen-containing
gaseous products. The N> O production is primarily due to the
reaction of the first excited state of molecular nitrogen N;(A)
with O, molecules [77]. In addition to N,O, nitric oxide NO
can be also produced by the Zeldovich mechanism including
the reactions of N, and O, with -O and -N species, respectively
[78]. NO may be further oxidized by -O or O3 resulting in the
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Figure 3. The typical voltage and current waveforms of the SDBD with liquid electrodes (a), and the obtained Lissajous figure (b).
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production of nitrogen dioxide NO; [79]. NO and NO;, may
then contribute to the production of N,O via reactions with
excited nitrogen atom NGD) or -N species, respectively [80].
Moreover, in an oxidizing environment NO, can undergo fur-
ther oxidation processes promoted by O3 and -O leading to the
formation of dinitrogen pentoxide N,Os [81]. In humid air-like
mixtures, nitrous acid HNO; and nitric acid HNOj; can finally
be produced through the gradual oxidation of NO, mediated
by -H, -OH, and HO,- radicals that formed from the dissoci-
ation of water molecules [58, 59].

In general, DBDs can operate in two different modes with
respect to the prevailing gaseous product: O3 vs. NO, mode
[82]. While the O3z mode is characterized by low discharge
powers (energy densities) with a dominant production of O3,

the NO, mode prevails for high discharge powers with signi-
ficant production of NO and NO,. Unlike O3 which is usu-
ally considered as a desired product for its strong oxidizing
properties applicable in many applications, a situation regard-
ing NO, is more complicated. The NO, production can have
an adverse effect during the gas cleaning process as the NO,
usually reacts with reaction intermediates and produces even
more toxic substances [83]. On the other hand, when the dis-
charge is generated in contact with a liquid, the NO, can be
dissolved in it, thus producing nitrites NO;  and nitrate NO3
desirable for biomedical/agro applications [84, 85]. For this
reason, it is highly expected that the presence of water (or
humidity in the gas phase) may have a significant effect on
the composition and concentrations of gaseous products of
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Figure 5. Infrared absorption spectrum of gaseous products of the discharge at discharge power of 10 W. The modeled spectra of O3, N,O,
and N,Os corresponding to respective species concentrations are also presented.

the discharge. Additionally, increased humidity can signific-
antly alter the discharge properties which, in turn, affect the
discharge electrical characteristics and production of reactive
species, too [86]. Therefore, before using the discharge in con-
tact with any liquid (e.g. water) in any application, trends of
production of gaseous species by the discharge should be char-
acterized under various operating conditions.

Figure 5 depicts the infrared absorption spectrum of
gaseous species produced by the discharge. As can be seen,
only O3, N,O, and N,Os were detected under the investig-
ated operating conditions. These modeled spectra were aligned
with respective species concentrations and added to figure 5.
Other species (NO, NO,, HNO,, HNO3), that were also expec-
ted to be present, were not found in the FTIR spectra. The
absence of NO and NO; in the spectra indicates either their low
concentrations below the detection limit of the setup (approx.
7 ppm for NO and 1.5 ppm for NO,) or their fast oxidation
into N,Os mediated by O3 [87]. The second explanation can
be supported by the fact that O; was found as the dominant
gaseous product under all investigated conditions. The pres-
ence of water vapors can lead to the production of HNO, and
HNO; which are other expected gaseous products. However,
their absence in the FTIR spectra may also indicate either their
concentrations below the detection limit of the setup (approx.
1.5 ppm) or their rapid dissolution in the present water due
to very high Henry’s law solubility coefficients [58]. Based
on the results we may conclude the discharge was operated
only in O; mode without significant formation of NO, NO,,
HNO;, and HNOs in the gas phase under all operating condi-
tions tested in this study.

Figure 6 shows the O3 concentration as a function of the
treatment time at various discharge powers. After discharge
ignition, the O3 concentration initially increased due to the
prevailing rate of Oz formation over its decomposition. After
some time of discharge operation (approx. 5 min), the pro-
cesses of O3 formation and decomposition balanced, so the O3
concentration culminated and stabilized. The temporal evol-
ution of N,O and N,Os concentrations followed the same
pattern.
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Figure 6. Temporal evolution of O3 concentration as a function of
discharge power.

With an increase in discharge power from 2.5 to 5 W,
the O3 concentration increased and reached maximum values.
However, with a further increase of power from 5 to 15 W,
the O3 concentration significantly decreased (figure 6). This
trend can be explained by the processes of Oz decomposi-
tion becoming more dominant with increasing the discharge
power. More specifically, the increase of discharge power res-
ults in a more intense discharge which in turn increases the
temperature of water as well as the gas surrounding the dis-
charge which reduces the O3 formation. This further leads to
an increase in gas humidity due to a higher rate of evaporation
from the water surface, also resulting in O3 reduction.

At higher temperatures, the recombination reactions of
O; with O, molecules as well as excited oxygen atoms
O('D) become dominant [88, 89] as a result of the expo-
nential dependence of their reaction rates on temperature
[90, 91]. In addition to direct recombination reactions of Os,
the consumption of -O atoms should be also considered as
they are essential precursors of O3 production. At higher
gas temperatures, -O atoms can be effectively consumed by
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Figure 7. Concentrations (a), and production yields (b) of Oz, N,O, and N,Os as functions of discharge power.

reactions with N, molecules leading to lower O3 production
[83, 92]. Furthermore, consumption of -O atoms acceler-
ates with an increase of the gas humidity due to reactions
with -OH and HO,- radicals formed from the dissociation
of H,O or direct reactions with H,O molecules themselves
[93]. Another possible pathway for O3 decomposition is its
direct reaction with -H, -OH, and HO,- radicals [94-96].
Hence, both higher temperature and higher relative humid-
ity of the gas have an adverse effect on Oz concentration
and may explain its observed decrease at higher discharge
powers (>5 W).

Figures 7(a) and (b) present the O3, N,O, and N,Os sta-
bilized concentrations obtained during the discharge opera-
tion and their corresponding production yields, respectively.
As discussed earlier, the maximum O3 concentration (approx.
132 ppm) was obtained at 5 W, and with further increase of the
discharge power, its concentration decreased (figure 7(a)). On
the other hand, for both N>;O and N,Os the situation was dif-
ferent. The production of N, O by the discharge can be affected
by many aspects. An increasing discharge power and more
intense discharge may lead to a higher yield of the N;(A)
excited species essential for N,O production. On the other
hand, higher discharge power results in a higher rate of evap-
oration from the water surface and, thus, a higher gas humid-
ity level that generally decreases the generation rates of the
N>(A) and other N-containing species. This can be associ-
ated with a decrease in dissociation and excitation reaction
rates when electrons collide with N> molecules [86]. Besides,
H,0 molecules provide a very efficient quenching of N;(A)
species [97]. In our study, the N,O concentration showed
fluctuations with increased discharge power, reaching max-
imum values of approx. 2.3 ppm. We suppose the resulting
ambiguous trend is given by a balance among various conflict-
ing effects affecting the N,O formation. On the contrary, the
N,Os concentration slightly increased within the whole range
of discharge powers and reached approx. 1.3 ppm at 15 W
(figure 7(b)).

The PYs of O3, N;O, and N;Os collectively exhibited
a monotonic decrease with increasing discharge power up
to 10 W. With a further increase to 15 W, the PYs of all
compounds showed no significant variations (figure 7(b)).

The maximal PY of N,O and N,Os were low (0.11 and
0.08 g kWh~!, respectively), whereas the maximal PY of O3
was higher (5.8 g kWh™1), but still substantially smaller than
the common values obtained with various air discharges repor-
ted by other authors (typically in a range of 40-100 g kWh™—!)
[87, 98, 99]. However, most of their discharges that reached
high PY of O3 were operated in dry gases (i.e. no humid-
ity or liquid water present). This implies that the presence of
water in the reactor and associated humidity in the gas sig-
nificantly reduces the energy efficiency of O3 production. In
addition to the general negative effect of the gaseous humid-
ity on the O3 production described earlier, this can also be
explained by distinctive energy losses and Joule heating of the
water present when the discharge is in direct contact with it
[96]. However, the achieved PY of O3 results are comparable
to other discharges that have been generated in contact with
liquids (e.g. Lukes et al obtained PY of O3 ~5 g kWh™! with
a pulsed corona discharge under comparable operating condi-
tions) [96].

3.2.1. In-situ O3 detection by UV-VIS absorption technique.
Figure 8 illustrates the results of in-sifru O3z mapping in the
open reactor using UV—-VIS absorption spectroscopy. The O3
concentration is highest near the discharge, particularly close
to the liquid surface. The O3 concentration gradually decreases
as the measurement UV-VIS light beam moves upward along
the discharge area. This decrease is likely due to the reduced
intensity of plasma filaments and the electric field, as well as
the dilution of ozone in the surrounding air.

Nevertheless, ozone concentrations are the highest near the
three-phase boundary point boundary, indicating that oxidat-
ive species are primarily localized within the plasma region.
This localization favors the oxidation and functionalization of
the polymer surfaces.

3.3. Liquid analysis

3.3.1. Measurements of PAW parameters. Operation of
SDBD using the liquid electrodes with tap water leads to an
increase in the temperature of generated PAW, as shown in
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Figure 8. Mapping of the ozone concentration alongside the glass tube at a discharge power of 15 W by in-situ UV-VIS absorption
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Figure 9. Temporal evolution of water temperature as a function of
discharge power.

figure 9. Initially, the temperature increase is notably more
pronounced within the first 15 min. For instance, when oper-
ated at 15 W, the temperature escalates from ambient con-
ditions (23 °C) to 36 °C, and in the subsequent 15 min, it
increases by only approximately 2 °C. This trend of temperat-
ure increment is consistently observed at reduced discharge
powers of 2.5 W, 5 W, and 10 W. The diminishing rate of
temperature increase seems to reach a maximum plateau after
15 min, implying progress toward the thermal equilibrium of
the system. Consequently, the maximum water temperature
generated by plasma in this configuration after 30 min of activ-
ation at discharge powers of 2.5, 5, 10, and 15 W was 27.3 °C,
28.7 °C, 35.6 °C, and 38.4 °C, respectively. This pattern of
temperature rise over time was also illustrated in DBD-treated
PAW [100].

The pH of SDBD-treated tap water was approximately
7.8 £ 0.3, throughout the 30 min treatment duration, which
did not significantly change from its initial value of 7.9. This
observation of stable pH levels or minimal pH changes in tap
water post-treatment aligns with the findings reported in [100]
and [101] and can be explained by its weak bicarbonate buffer-
ing capacity. On the other hand, when de-ionized or distilled
water is used as the treated solution, the pH tends to decline
more rapidly [102, 103]. Furthermore, a difference in pH beha-
vior was reported in scenarios where water is either stirred or
remains static during plasma treatment [104]. In the static con-
dition, the pH does not alter significantly, attributed to the slow
diffusion of RONS, compared to the scenario where water is
stirred. Additionally, a study noted a pH decrease below 3 after
20 min of DBD treatment in 1 I of circulating tap water which
enhanced the diffusion of reactive species in the water, thereby
reducing the pH of PAW [105].

Electrical conductivity serves as a valuable indicator of ion
concentration within the water. In this study, the conductivity
increased from 420 pS cm™! (tap water) to 520 1S cm™! over
a 30 min treatment period. This indicates that the discharge
current passing through the liquid remained stable throughout
the 30 min treatment duration.

3.3.2. Visualization of ROS propagation. =~ To visualize the
penetration of RONS into the liquid, a photo sequence presen-
ted in figure 10 was taken. A rectangular glass cuvette con-
taining 20 ml of KI-starch solution was utilized to enhance the
visualization of ROS generation and propagation. During the
experiment, the solution was not stirred.

Under the influence of an electric field, a distinct Taylor
cone emerges, prominently captured in the photos. ROS gener-
ation predominantly occurs within the plasma region, closely
adjacent to the glass tube, indicating chemical reactions at the
gas/liquid interface. Subsequently, ROS propagates primarily
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Figure 10. A photo sequence of the ROS generation and propagation during the 15 W discharge power.

along the liquid surface, with minimal penetration into the
bulk solution. Upon contacting the cuvette walls, ROS further
spreads along them and gradually sinks to the bottom. Within
a span of 10 min, the whole liquid volume turns blue, which
proves that even without stirring, comparatively high concen-
trations of ROS are present in the whole liquid volume. These
observations corroborate previous findings indicating that akin
to the aforementioned ROS, other RONS exhibit similar beha-
vior during liquid treatment in various studied systems [106,
107].

3.3.3. Determination of RONS in PAW.  As outlined in the
previous section, ozone was identified in substantial quant-
ities in the gas phase compared to other species. Despite its
high concentration generation in the gas phase, its presence in
the liquid was measured in the micromolar range only. Hassan
et al [108] have documented that the transport of ozone into the
liquid is constrained by its low Henry’s law solubility coeffi-
cient and is significantly influenced by the area of the plasma—
liquid interface. Ozone is initially produced in the gas phase
and subsequently transferred into the liquid, as illustrated in
reaction (2),

O0-4+0:+M — 03 +M — Oz(yq)- 2)

Figure 11 illustrates the dynamics of ozone concentration in
PAW over a 30 min treatment duration and across various dis-
charge powers. At the discharge power of 5 W, the gas phase
contained approximately 132 ppm of ozone, yet the corres-
ponding concentration in the liquid phase after 30 min was
only 4.52 ppm (94 uM), underscoring ozone’s limited solu-
bility in water as previously highlighted [108]. In our ana-
lysis, however, a notable increase in ozone concentration was
observed in the water with the increase in discharge power, not
correlating with its gaseous concentration (figure 6).
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Figure 11. Temporal evolution of O3 concentration as a function of
discharge power.

Tarabova et al [63] discussed the specificity of the indigo
blue assay for O3 detection in PAW and specified that OH rad-
ical can decolorize the indigo dye perturbing the detection of
O3 in PAW. Therefore, the concentration of ozone represen-
ted here can be overestimated, especially for higher discharge
powers and treatment time.

In our study, plasma is generated directly in contact with the
water surface, enabling short-lived species such as hydroxyl
(OH) radicals to be swiftly dissolved into the water, thereby
facilitating various chemical pathways. Near the interface
between the plasma, water, and the polymer test tube, the tem-
perature rises sufficiently to facilitate the water evaporation.
The presence of water vapor in air can contribute to the form-
ation of OH radicals through the electron-impact dissociation
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of water molecules, as described by reaction (3) [109]. This
fact can explain a continuous increase of ozone concentration
in water for 15 W discharge power even though its concentra-
tion reduces in the gas phase. Additionally, in air discharges,
OH radicals can also be produced via reaction (4), involving
atomic oxygen [110]. There is also a potential for atomic oxy-
gen to react with hydrogen peroxide H,O,, yielding HO, and
OH radicals through reaction (5). Moreover, plasma-induced
UV photolysis is capable of directly generating OH radicals
in the water via reaction (6) [111, 112]. Other possible mech-
anisms include electron—ion dissociative recombination (reac-
tions (7) and (8)) and the recombination of positive and neg-
ative ions (reactions (9) and (10)),

e + HO — e+ -OH+H (3)
O0('D) +H,0 — -OH + -OH 4)
H,0,+ O('D) — -HO, + -OH ®)
Hx0uq) — -Hiug) + -OHiuy (6)

e~ + H,0" — -OH + -H @)

e~ + H;0" — -OH + Hy +e 8)

H™ + H,0" — -OH + H, ©))

H +H;0"— -OH +H,+ -H. (10)

Hydrogen peroxide (H,0,) stands out as a crucial long-
lived ROS in PAW, recognized for its pivotal role across vari-
ous applications, particularly in the medical field. Numerous
studies have highlighted its significance as a fundamental
molecule offering antimicrobial capabilities and promoting
wound healing, underpinning its utility in plasma-based med-
ical treatments [113—-115]. Beyond its medical applications,
hydrogen peroxide has been acknowledged for its positive
impact on plant growth, its ability to diminish pathogen vir-
ulence, and its effectiveness in reducing the expression of dis-
ease symptoms [116, 117].

The generation of H,O, in PAW is attributed to both the dis-
solution of gas-phase H,O, and its formation within the liquid
through various pathways. OH radicals, identified as crucial
precursors for HyO, formation, undergo numerous reactions
contributing to its formation. OH radicals lead to the form-
ation of HyO, in the gas phase through two-body recom-
bination, represented by reaction (11). This gas-phase H,O,
subsequently dissolves in water to form aqueous HyOxg),
facilitated by its very high Henry’s law solubility constant
(kg =~ 9 x 10> mol m—3 Pa—!) [108]. In addition to this mech-
anism, several other pathways are crucial for H,O, produc-
tion in PAW. The OH radical, once dissolved in PAW, can dir-
ectly lead to H,O, formation within the liquid by reaction (12)

[118]. Beyond the role of OH radicals, peroxyl (HO,) radicals
are also capable of generating H, O, in the liquid phase through
reactions (13)—(16). Furthermore, the attachment of electrons
to O, molecules initiates a series of reactions (17)—(20) result-
ing in the liquid-phase formation of H,O,, as documented in
[119],

-OH + -OH — H,0, — HyOyy) (11)
-OH(,q) + -OH(sq) — H2Oyay) (12)
“H+ 0, — -HO, (13)

OH+ O3 — HO,+ O, (14)

‘H+ -HO, — H,0, (15)

HOy(aq) + HOz(aq) = H2O2ag) + O2aq)  (16)
0,+ e — 05 (17)

0, + HT — HO, (18)

HOs(uq) + €(aq) — HOy) (19)
HOj ) + *H — Hy0)(sg)- (20)

Figure 12 illustrates the relationship between the measured
concentration of aqueous H,O,, treatment duration, and dis-
charge power. Several research groups indicated that the treat-
ment time and the discharge power are the key factors that lead
to a linear increase in the concentration of H,O, generated
within plasma—water systems [20, 120, 121]. As discussed in
the previous section, a rise in the discharge power not only
intensifies the discharge but also expands its area, potentially
enhancing the production of RONS in the gas phase and their
transfer to the water, as evidenced in figures 12—14.

In acidic conditions (pH < 3.3), the reaction between
H,0, and NOj leads to the formation of peroxynitrite (reac-
tions (21) and (22)), which subsequently decomposes into
nitrate (NO3) [9, 63]. However, in our scenario involving
SDBD-treated tap water, the pH of the PAW remains stable
at approximately 7.8, thus restricting peroxynitrite formation.
This pH stability enabled an increase in the concentrations of
both H,O, and NO; over the treatment duration, as shown in
figures 12 and 13,

NO, ) + H20z3q) + HY — O =NOOH yq) + H2?21)
O =NOOH, ¢« NO;(aq) +H". (22)

Nitrites and nitrates play significant roles in PAW due
to their antibacterial properties and their ability to act
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Figure 12. Temporal evolution of aqueous H,O, concentration in
PAW as a function of discharge power.

e.g. as organic fertilizers, enhancing plant growth [122, 123].
These species are primarily generated in PAW through the
dissolution of gas-phase NO, compounds, including NO,
NO,, HNO;, and HNOj [59]. Janda et al [59] highlighted
that humidity facilitates the conversion of gas-phase NO,
into HNO,, which then much better dissolves in PAW to
yield nitrite ions. Since NO has a low Henry’s solubil-
ity constant (kg ~ 1.9 x 107> mol m~—3 Pa~!), it con-
tributes minimally to the aqueous NO,- concentrations. In
our FTIR analysis, none of these reactive species were
detected in the gas phase, suggesting the possibility that
HNO, (kg ~ 4.8 x 107" mol m~3 Pa~') and HNO;
(ky =~ 2.1 x 10°> mol m~3 Pa~!), formed in the gas phase
through reactions (23) and (24), and thanks to having high sol-
ubility coefficients, they quickly dissolved in water without
being detected by FTIR after gas samples were sucked from
the discharge volume. These compounds significantly contrib-
ute to the aqueous concentrations of NO;  and NOj3~ through
reactions (25) and (26). NO3 could also result from the reac-
tion between NOj ™ and O3 (reaction (27)), with dissolved NO
and NO; from the gas further contributing to the formation of
NOj3; and NO;3 in PAW through reactions (28) and (29),

-OH+ NO+M — HNO, + M (23)
-OH+NO, +M — HNO; + M (24)
HNOM)HNO;@qﬁH‘k (25)
HNOM)HNO;(aqﬁH‘k (26)

NOZ ) + O30q) = NO3, ) + Osag) (27)

NOs(q) + NOs(aq) + H20 = NO,, y + NO3 o + 2}(158)
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Figure 13. Temporal evolution of aqueous NO; concentration in
PAW as a function of discharge power.
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Figure 14. Temporal evolution of the aqueous NO3™ concentration
in PAW as a function of discharge power.

+
2aq) T2H

NO(aq) + NOz(aq) + H,O0 — 2NO 29)

Figures 13 and 14 illustrate the varying concentrations of
nitrates and nitrites in PAW as a function of treatment dur-
ation and the applied discharge power. Similar to the beha-
vior observed for H,O,, the concentrations of both NO; and
NOj increased with the increasing discharge power. This
trend could be associated with enhanced production of NO,
species in the gas phase as the discharge power rose and hence
more production in the liquid. As the treatment time increases,
more reactive species accumulate in the PAW due to continu-
ous production in the gas and dissolution in the liquid. This
accumulation and its effects are further understood by the visu-
alization of ROS deposition through SDBD in figure 9.

It is essential to simplify the operation of plasma-liquid
systems and the production of PAW for its future everyday
practical use. Our study introduces a simple and innovative



Plasma Sources Sci. Technol. 34 (2025) 025011

O Galmiz et al

Table 1. Comparison of RONS in PAW with SDBD’s reported in literature, DI-de-ionized water, DW-distilled water, TW-tap water,

PBS-phosphate buffer saline.

(Solution, treatment
time, volume, initial

Configuration pH) Power/voltage pH (H202, NO; , NO37, 03)

Our SDBD (TW, 10 min, 10 ml, 7.8) 15W 7.8 (1.829 mM, 0.478 mM, 1.4 mM, 0.106 mM)
In-plane DBD [125] (DW, 10 min, 3 ml, 7) 200 W 3.5 (1 mM, 5 mM, 1 mM, 10 uM)

Volumetric DBD [124] (DI, 10 min, 20 ml, 5) 6.7W 4.5 (0.293 mM, -,-, 4.166 mM)

SDBD [44] (DI, 30 min, 100 ml) 65 W 1.93 (1.52 mM,-,-,-)

SDBD [126] (NaCl, 6 min, 5 ml,6.5) 17 kV 2.51 (59 uM, 86.2 uM, 2.0512 mM, -)

SDBD [43] (DW, 30 min, 5 ml,7.5) 14 W 2.66 (21.1 uM, 0.1402 mM, 3.4029 mM,-)

DBD [39] (PBS, 5 min,0.15 ml,7.4) 522W0.87 W 6.67 (0.07 mM, 1.8 mM, 0.5 Mm, -) (0, 0, 0, 62.5 M)

setup for generating PAW rich in RONS. Despite the relat-
ively small plasma area in our SDBD setup, we detected sig-
nificant levels of RONS (O3, H,O,, NO5, and NO3) in PAW,
influenced by the treatment time and input power. Hinsch
et al [43] modified the dielectric layer of SDBD to ceramic
for enhanced durability and corrosion resistance, affecting the
composition of RONS in PAW. In our design, we utilized a
basic glass tube as the dielectric layer, ensuring prolonged
use with minimal byproducts in PAW and an easy replace-
ment of the dielectric material. Scaling up PAW production
is feasible by deploying multiple such tubes simultaneously.
Table 1 lists several studies that predominantly used SDBD
above the water surface or volume DBD with a water elec-
trode. In these studies (except [124]), reactive species were
generated in the gas phase and then dissolved in the liquid
phase, contributing to RONS formation in the liquid. Our res-
ults indicate that direct interaction between plasma and liquid
leads to higher concentrations of H, O, produced by our SDBD
reactor compared to concentrations reported in the literature
(table 1) for indirect treatment methods. This highlights the
significance of direct plasma-liquid interaction for PAW gen-
eration, as it allows gaseous H,O, as well as short-lived spe-
cies like OH and HO; to contribute to the formation of aqueous
H,0; in PAW.

Pavlovich et al [39] and Hinsch er al [43] have repor-
ted the presence of O3, NO,, N,O, N,0Os, and HNO3 in the
gas phase using FTIR measurements with SDBD, contribut-
ing to the formation of liquid-phase species. However, in our
study, FTIR measurements only detected N,O, O3, and N,Os
in the gas phase. Despite this, we observed sufficient concen-
trations of NO3~, NO5, and H,O; in the liquid phase. This
suggests that highly soluble species like HNO,, HNO3, and
NO; may have already dissolved in the liquid before being
sampled for FTIR analysis, contributing to the presence of
liquid NO3" and NOj3". Aqueous O3q) formation depends
solely on the dissolution of ozone from the gas phase. Neretti
et al [124] reported the significance of gas temperature in
ozone production in water by examining nanosecond pulse
discharge and sinusoidal discharge in volumetric DBD with
water serving as one of the electrodes. They found that nano-
second pulse discharge, characterized by lower gas temperat-
ures (318 K), resulted in higher concentrations of ozone in the
liquid compared to sinusoidal discharge (425 K). Pavlovich

et al [39] noted that both gas and liquid phases exhibited an
increase in NO, components with increasing power, while
O3 was only detected at low powers (table 1). Moreover, the
strong correlation between aqueous ozone concentration and
the inactivation of Escherichia coli underscored the ozone’s
pivotal role in bacterial inactivation [39]. In our case, employ-
ing liquid electrodes in SDBD, ozone was detected in substan-
tial amounts depending upon the treatment time. This mixture
of RONS in PAW can be thus utilized for various bio-medical
and agricultural applications.

Given the intricate interplay of various parameters influ-
encing the composition of RONS in PAW, accurate compar-
ison of different geometries presents a challenge. Nonetheless,
it is evident that liquid electrode SDBD yields comparable,
if not greater, RONS composition in PAW. Such a 3-phase
interface setup offers several application possibilities simul-
taneously: continuous functionalization of the material used
as a dielectric, direct and indirect disinfection of dielectric sur-
faces, alongside with PAW production.

4. Conclusion

The integration of the SDBD at the gas/liquid/solid interface
represents a novel approach in water treatment methods, as
well as dielectric surface treatments, that has not been previ-
ously documented in scientific literature.

In this study, the electrical measurements of such SDBD
discharge are presented and its characteristics are discussed.
Species such as O3z, N,O, and N,Os were detected in the gas
phase during the discharge operation. Their concentration and
time evolution were measured and quantified by using FTIR
and in-situ UV-VIS absorption analyses. Also, the production
yields of these species were calculated.

Furthermore, comprehensive measurements of RONS
within the plasma-treated water in such a system have also
been notably absent from prior research efforts. This study
tries to connect these critical gaps by exploring the poten-
tial of SDBD in treating tap water, and by quantifying the
presence and impact of RONS within the water. We shed
light on the mechanisms of their production and the efficiency
of the system. Despite the challenges posed by the presence
of water vapor in the plasma, which can attenuate certain
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plasma reactions in the gas phase, our findings demonstrate
comparatively high efficiency of RONS production in water.
Notably, the observed buffer capabilities of tap water ensure
a consistent presence of NO; . Through visualization experi-
ments, we illustrate the rapid propagation of reactive species
throughout the liquid volume, suggesting promising prospects
for efficient and thorough water treatment processes.

The scalability of the presented system underscores its
practical viability. We believe that the results presented will
stimulate basic research of SDBD configuration described in
this paper, which can be useful for a wide variety of practical
applications not restricted to the mentioned ones.
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