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Abstract

Fixation of nitrogen and the generation of plasma-activated water are currently a signifi-
cant focus within the low-temperature plasma research community. This study examines
the enhancement of nitrogen fixation in water, by converting the weakly soluble nitrogen
oxides (NO and NO:) generated by transient spark (TS) to highly soluble dinitrogen pent-
oxide (N,Os) and nitric acid (HNO;) in the gas phase. This is achieved by mixing ozone
(O;) with air that has been treated by a TS discharge. Without O;, only nitrite ions (NO, ")
are detected in the water, formed primarily due to reaction between solvated NO and NO,.
With addition of O; (400 ppm), the composition of species in water significantly changes
depending on the initial NO/O; ratio. An excess of O; enables formation of N,Os and
HNO; in the gas and a high concentration of nitrate ions (NO; ) in the water. With an
excess of NO, the dominant gas phase product is NO, and a mixture of NO, and NOj is
formed in the water by reaction between solvated NO, molecules. Despite the additional
energy required for O; generation, the overall energy efficiency for the formation of NOx
~ (NO, +NOj") in the water increases fourfold, when enough N,O; is formed. Further
improvements are possible by optimizing the use of O; and ensuring all N,Os is captured
from the gas phase.

Keywords Nitrogen fixation - Transient spark - Ozone - In-situ UV/Vis absorption
spectroscopy

P4 Pankaj Pareek
pareek 1(@uniba.sk

< Mario Janda
jandal @uniba.sk

1 Faculty of Mathematics, Physics, and Informatics, Comenius University, Bratislava, Slovakia

Published online: 14 October 2025 @ Springer


https://doi.org/10.1007/s11090-025-10604-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-025-10604-w&domain=pdf&date_stamp=2025-10-13

Plasma Chemistry and Plasma Processing

Introduction

Plasma-induced chemistry is a highly complex process [1]. In dry air, non-equilibrium cold
plasmas can generate various reactive oxygen and nitrogen species (RONS), such as O, N,
N,*, N20, NO, NO,, N,05, NOs, and Os [2]. When water vapor is present, atmospheric
plasma can also generate RONS like OH, H202, HNOs, and HNO: [3-5].

The concentrations of individual RONS depend on the plasma source and input power.
For example, Trunec et al. [6] investigated a coplanar dielectric barrier discharge in air and
N2/O2 mixtures, finding that varying the input power (100-400 W) altered the gas-phase
chemistry. At lower power, Os was the dominant species, while increasing the power led to
a shift toward NO and NO: dominance. The density of N2Os initially rises with increasing
input power, but then sharply declines at the same power where Os density also drops.

When plasma is in contact with a liquid, such as water, the reactive chemical species
generated by the plasma in the gas phase can dissolve in the liquid, producing a chemi-
cally rich solution called plasma-activated water (PAW) or plasma-treated liquid [7]. PAW
has been widely studied over the past decade because the active chemistry provided by the
various RONS, especially long-lived species like H.02(aq), NO2"(aq), and NOs (aq), can be
utilized for medical, agricultural, and food preservation applications [8—12]. Cold plasma in
contact with water is also used in wastewater treatment for the degradation of organic dyes
and antibiotics [13, 14].

The reactive species in PAW can be generated by different pathways depending on the
system configuration and on plasma source parameters, such as discharge power, gas flow
rate, and treatment time. For example, in plasma jets, H.O2(aq) can be formed by the solva-
tion of H20: formed in the gas phase by two-body recombination of OH radicals produced
in the plasma [15, 16]. In pulsed discharges, H-0:(aq) in the PAW is mainly generated in the
water by two-body recombination of dissolved OH(aq) radicals [17, 18].

The solubility of different gaseous RONS, typically described by Henry's law coefficient,
is another factor influencing the production pathways of aqueous RONS [19, 20]. NO2(aq)
can be formed by the reaction of solvated NO(aq) and NO:(aq) species [21]. However, in
the presence of more soluble HNO: in the gas phase, its solvation becomes the dominant
source of NO:(aq) [5]. Similarly, aqueous NO; (aq) can be formed by solvation of NO,,
but much more efficient NO; (aq) formation in PAW can be obtained by solvation of more
soluble N,O5 [22].

Furthermore, the rate of solvation of reactive species also depends on the size of the
plasma/water interface. Transforming water into nebulized microdroplets with a large sur-
face-to-volume ratio is preferable for the solvation of weakly soluble Os, while highly solu-
ble H20: is easily dissolved even in bulk water with a much smaller surface area compared
to the surface of microdroplets with the same volume [19]. The charge of the microdroplets
may also play a role. The formation of NO:7(aq) from reactive nitrogen species (RNS) in
charged electrospray microdroplets is more efficient than in neutral nebulized microdroplets
[20].

The formation of plasma-activated water is therefore a very complex process, not fully
understood. Basic research in this area is greatly needed, as there are still relatively few
works that sufficiently address the composition of both gaseous and liquid species formed
during PAW generation [23]. Additional research is therefore important for a better under-
standing of the formation mechanisms of reactive species in PAW and for assessing the role
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of different gas-phase species in the formation of aqueous RONS. From a practical point
of view, this knowledge will allow us to upscale used plasma sources, increase energy effi-
ciency and improve selectivity with respect to the desired species when generating PAW.

The formation of PAW rich in reactive nitrogen species (RNS) is important for nitro-
gen fixation as an alternative process to the Haber—Bosch synthesis. At lower pressure,
the fixation of nitrogen from air by microwave plasma can be more energy-efficient than
the Haber—Bosch process, but in atmospheric pressure plasmas, energy efficiency is one
of the drawbacks of nitrogen fixation that needs to be overcome [24]. If we consider the
production of RNS in both the gas and liquid phases, as suggested by Luo et al., the appar-
ent energy efficiency of RNS production may improve [23]. However, if the major part of
gaseous RNS consists of weakly soluble NO or NO,, and only a small fraction of them dis-
solves in the PAW (with the majority being wasted), it is necessary to focus on the genera-
tion of more soluble RNS, such as HNO, or N,Ojs, for a real increase in nitrogen fixation
energy efficiency.

In transient spark (TS) discharges operated in dry air, the two dominant gaseous prod-
ucts are NO and NO,. Even when operating in humid air, only a small portion of them is
converted to HNO,. Despite a significant increase in the NO, (aq) concentration in PAW
generated by TS thanks to the formation of HNO, [5], the majority of gaseous RNS (NO
and NO,) do not readily dissolve in water. As an alternative, it is therefore necessary to
consider the conversion of NO and NO, generated by TS to N,O5 through reactions with
O; molecules [22].

Several studies have investigated the oxidation of NO by O; and the generation of N2Os.
Jogi et al. showed that TiO, catalyst improved the oxidation efficiency of NO to N.Os at
100 °C [25]. Noori et al. utilized a dielectric barrier discharge (DBD) in O: gas to generate
Os and introduced NO from a pressure tank to produce N2Os, further studying the dissolu-
tion of RNS in water [26]. Wang et al. employed a gliding arc discharge to produce nitrogen
oxides, while Os was generated using a DBD discharge to form N2Os after mixing the output
gases from these two plasma sources [22, 27]. They also hypothesized the importance of
NOs; for the formation of NOs(aq) in the water exposed to the resulting gas mixture contain-
ing N,O5 and NO; [22]. Kaneko et al. developed a composite air plasma device capable of
selectively generating high-density N2Oy for biomedical applications, including pathogen
inactivation and amino acid modification [28].

This work investigates the potential to enhance nitrogen fixation by converting NO
and NO, (NO,) generated by TS discharges into N,Os using O;. We focus on the reaction
mechanism at varying NO/Oj; ratios. Experimentally measured changes in gas composition
are compared to theoretical results from a chemical kinetic model. After mixing NO, and
O, their resulting gas mixture passes through a water-filled cuvette, where NO: (aq) and
NO; (aq) formation are measured in situ. Correlating gas-phase RNS, NO, NO,, HNO,,
HNO;, and N,Os, with NO:2"(aq) and NO5 (aq), along with kinetic modeling, improves our
understanding of nitrogen fixation in spark-like discharges. This knowledge can contrib-
ute to increasing the energy efficiency and upscaling of plasma-activated water production
systems.
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Experimental Setup

Figure 1 shows a simplified schematic of the experimental setup, which comprises several
components. The plasma reactor (see details in Sect. "Plasma reactor and discharge diag-
nostics") generates NO and NO, using TS discharge. Dry synthetic air (80% N,, 20% O,,
99.99% purity), controlled at 0.8 L/min by a mass flow controller (Bronkhorst Flexi-Flow
compact, flow controller 1 in Fig. 1), serves as the inlet gas.

At the plasma reactor outlet, the nitrogen oxide-containing gas is mixed with ozone-
enriched air (0.2 L/min). Ozone is generated by a commercial ozone generator (Beyok
FM-C300). Another mass flow controller (Bronkhorst Flexi-Flow compact, flow control-
ler 2 in Fig. 1) controlled dry synthetic air at 1.5 L/min to the ozone generator inlet. The
ozone generator outlet is connected to another flow controller (Aalborg P model rotameter,
flow controller 3 in Fig. 1), allowing 0.2 L/min of ozone-enriched air to be mixed with the
plasma-treated gas, so that O; concentration right after the mixing is 400+30 ppm. The
remaining ozone is exhausted. The NO and NO, concentrations in TS treated air varies with
discharge power. The gas composition is measured by an FT-IR absorption spectrometer
(see details in Sect. "FTIR absorption spectroscopy for diagnostics of gases").

The resulting gas mixture passes through a 2.5 m long Teflon tube (6 mm inner diameter).
With a total gas flow rate of 1 L/min, the gas residence time in this tube is approximately
4.2 s. During this time, reactions between ozone and nitrogen oxides occur. Afterwards, the
gas mixture either goes to the FTIR spectrometer or towards an enclosed quartz cuvette con-
taining 3 mL of deionized (DI) water (initial conductivity <3 puS/cm). In the cuvette, solva-
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Fig. 1 Simplified schematic of the experimental setup

@ Springer



Plasma Chemistry and Plasma Processing

tion of gaseous RONS leads to a gradual increase in NO2 (aq) and NO; (aq) concentrations
in the water. These concentrations are monitored in-situ by UV/Vis absorption spectroscopy
(see details in Sect. "In-situ UV/Vis absorption spectroscopy for diagnostics of liquids").
The water is exposed to the gas mixture for 1 or 3 min and then a change of pH and conduc-
tivity is measured by portable pH meter (WTW ProfiLine pH 3110) and conductivity meter
(Greisinger GMH 3430), respectively.

For comparison, experiments are also performed without mixing nitrogen oxides with
ozone, using either only plasma treated gas mixture with nitrogen oxides, or only 400 ppm
of Oj in the air. For all these experiments, a total air flow rate of 1 L/min is maintained. In
experiments without Oj, the air treated by TS (0.8 L/min) is mixed with dry synthetic air
(0.2 L/min).

Plasma Reactor and Discharge Diagnostics

The reactor's high-voltage (HV) electrode is a sharpened M2 steel screw, and the ground
electrode is a hollow copper tube (6 mm outer diameter, 5 mm inner diameter). The elec-
trodes are housed within a Teflon block, separated by a gap of 8£0.5 mm. Input gas enters
the reactor through a 6 mm side inlet positioned near the tip of the HV electrode. The inner
volume of the block is approximately 0.4 cm>. After treatment, the plasma gas exits through
the hollow copper ground electrode.

A transient spark (TS) discharge is generated between the HV electrode (anode) and the
ground electrode using a high-voltage DC power supply (Spellman SL30P300). The elec-
trical circuit includes an external resistor (4.6 MQ) and an external capacitor (50 pF). The
electrical properties of the TS discharge are assessed using a high-voltage (HV) probe (Cal
Test Electronics CT4028) and a current monitor (Pearson Electronics 2877). The data are
then analyzed with a digital oscilloscope (Tektronix TBS2104). Current and voltage wave-
forms are used to calculate the discharge power. The measurement of TS discharge power
and input energy density was described in details in our previous publication [18].

FTIR Absorption Spectroscopy for Diagnostics of Gases

The main analytical technique used to determine the composition of the gas after treatment
is IR absorption spectroscopy, using a gas cell with an optical path length of 10 cm equipped
with CaF, windows. A Fourier transform infrared (FT-IR) spectrophotometer (Shimadzu
IR Spirit) is used in a spectral range of 4000~1000 cm™ ' and a nominal spectral resolution
of 0.9 cm™.

Since the FT-IR absorption technique is absolute, the concentration of RONS in the gas
are obtained by fitting the measured spectra with a spectra calculated by our own script
based on absorption lines for NO, NO,, HNO;, and O; downloaded from HITRAN database
[29]. These absorption lines were convoluted with a Gaussian function to generate spectra
that matched the spectral resolution of our spectrophotometer. We verified the calculated
spectra against various concentrations NO and NO, prepared from calibrated gas mixtures
0f 2000 ppm NO in N, and 1000 ppm NO, in dry synthetic air (80% N, and 20% O,). As
there is no suitable set of absorption lines for N,O5 and HNO,, we are using absorption cross
sections downloaded from the HITRAN database (for N,Os) and supplemental HITRAN
database (for HNO,) [30].
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In-Situ UV/Vis Absorption Spectroscopy for Diagnostics of Liquids

In-situ UV/Vis absorption spectroscopy is employed for the detection of NO2~ and NOs™ pro-
duced in the liquid phase by the solvation of gaseous RNS. A quartz cuvette (1% 1x4 cm)
is placed inside a temperature controller (Shimadzu TCC-100), maintaining a temperature
of 25 °C. The cuvette is filled with 3 mL of DI water (pH 5.9 and conductivity 2-3 uS/cm).
A deuterium lamp (Avantes AvaLight-D(H)-S) is used as a UV light source. A parallel light
beam (approximately 3 mm in diameter) is formed using a parabolic mirror and an iris dia-
phragm, and it passes through the quartz cuvette 1 cm below the water surface. Absorbance
spectra and the time evolution of reactive species are monitored using an microspectrometer
(Ocean Insight ST-UV) with 2.2 nm resolution and 25 pm slit.

Figures 2a and 2b show the absorption spectra of NO> (aq) and NOs (aq) standard solu-
tions, prepared by dissolving accurate amounts of NaNO: and NaNO:s in DI water. The NO2~
(aq) spectra peak around 209-212 nm, and the NOs (aq) spectra peak around 203—-205 nm
are consistent with a literature [31, 32].

Quantitative analysis using absorption spectroscopy is based on the Beer-Lambert law,
expressed as A =g(4)cL, where A represents absorbance, ¢ is the molar extinction coefficient
(or absorptivity) changing with the wavelength 4, L is the absorption path length, and c is
the concentration of the absorbing species. When the same optical cell is used (i.e., L is con-
stant) for both standard and unknown samples, the equation simplifies to 4=k(4)c, where
k(4) is the proportionality function.

For multicomponent systems, where multiple absorbing species are present, the total
absorbance is the sum of the individual absorbances of each component. This requires con-
sidering the contribution of each species to the overall spectrum. Multicomponent spec-
troscopic analysis, as described by Brown et al.[33], provides a framework for this. In this
context, the Beer-Lambert law can be expressed in a matrix form, A=KC, or as:
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Fig. 2 Absorption spectra of NO, (a), and NO; (b) standard solutions
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The absorbance matrix A (i x m) contains the absorbance values of m standard solutions at i
wavelengths. The concentration matrix C (n X m) holds the concentrations of # components
in each standard solution, with i>n.

To determine the concentrations of components in an unknown mixture, the molar absorp-
tivity matrix K must first be calculated. This matrix can be derived using the equation:

K=AcT(cch)! ®)

where CT represents the transpose of the concentration matrix C. Once the K matrix is
known, the concentrations of the components in an unknown mixture can be calculated
using the formula.

Cc=(K'K) 'K'A (3)

He et al. employed multicomponent analysis using the first derivative method to simultane-
ously detect H202(aq), NO27(aq), and NOs (aq) [34]. In our study, hydrogen peroxide was
excluded from the calibration due to its absence, as demonstrated in our previous work
[18]. For this analysis, we utilized n=2 components (NO2~ and NOs"), m =24 standard solu-
tions, and i=21 absorbance data points. Absorbance data within the wavelength range of
227.1 nm to 233.9 nm were used (Fig. 3). This specific range was chosen because at lower
wavelengths, the absorbance of NOs™(aq) becomes excessively strong, and spectra below
210 nm are susceptible to pH influence, as previously described by Liu et al. [31].

Following the determination of the K matrix, its reliability was assessed by quantifying
the concentrations of NO:7(aq) and NOs (aq) in a series of blind samples. The relative dif-
ferences between the measured and known concentrations were found to be 2.1-6.4% for
NO:7(aq) and 0.4-3.4% for NOs(aq). The step-by-step process for the determination of
(K'K) 'K matrix is shown in Supplementary material I. The measured concentrations of
NO: (aq) and NOs (aq) were subsequently used to calculate the overall energy efficiency (n
[mol.J™!]) using the formula:
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y— [NO;|.V @
Py.At

Here, [NO, ] represents the sum of the concentrations of NO2(aq) and NOs(aq) in the

water, V' is the volume of the water, P, is the discharge power, and 4 is the treatment time.

In case of experiments with O;, we added 8 W to P, to take into account the power used

by ozone generator.

Chemical Kinetic Modeling

Chemical kinetic modeling is a powerful computational tool used to understand and predict
how the density of different chemical species change over time in complex systems, includ-
ing their gas phase production and loss pathways [35]. It is useful when experiments or ana-
Iytical calculations are not capable to measure or predict concentrations of some important
species in studied system.

Temporal evolution of density N; of all species X; in a kinetic model can be derived from
the used reaction set as

sz Jj=n
= = ijl (a—d) xR, %)

Here, R; is a rate of the /™ chemical reaction,  and a” are stoichiometric coefficients of the
X; species in the j™ reaction.

aX; +bXi1+ ... =2 d X, +VXi+1+ ... (6)

The reaction rate R; can be expressed as.

m

m=i+1
Rj = k‘] X Hm:i Nom (7)

where £; is the reaction rate coefficient, / is the total number of species involved in the j
reaction, N,, is the actual density of the m™ species, and a,, is the partial order of the reaction
j™ with respect to the species m.

Solving this set of reactions numerically is typically required, necessitating the use of a
differential equation solver. Our model leverages the ZDPlasKin module [36], which incor-
porates a Fortran 90 implementation of the VODE solver [37]. VODE utilizes Adams' or
backward differentiation formula methods for solving systems of ordinary differential equa-
tions. Furthermore, we utilize the comprehensive list of chemical processes and rate coef-
ficients for nitrogen—oxygen mixtures provided by the ZDPlasKin authors [38], which is
based on reactions documented in [39] and [40] (see Supplementary material II).

The rate coefficients for reactions between heavy species are calculated using the ther-
modynamic gas temperature 7,,. In contrast, the rate constants for electron impact reactions
require the electron energy distribution function (EEDF). The EEDF is determined by solv-
ing the Boltzmann equation for free electrons. While the ZDPlasKin package includes the
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Bolsig +solver [41] for this purpose, we did not utilize this feature in our model. Since our
focus was on reactions occurring among gas-phase species after exiting the plasma reactor,
we assumed a constant electron density of 10> cm ™. At this low electron density, the influ-
ence of electrons on the ongoing chemistry is negligible.

Results and Discussion

This chapter begins with a discussion of the electrical characteristics of the TS discharge and
the resulting gas-phase chemistry in dry synthetic air (Sect. "TS discharge in dry synthetic
air'"). Subsequently, we explore the correlation between the gas composition and the com-
position of RNS in water exposed to plasma-treated air (Sect. "Properties of water exposed
to dry air treated by TS"). Furthermore, we present the changes in the plasma-treated air
composition following its mixing with ozone-enriched air. These experimental data are then
compared with computational results (Sect. "Gas phase chemistry in mixtures with NO,
NO2 and O3"). Finally, we present the changes in water composition due to the presence of
ozone (Sect. "Properties of water exposed to dry air treated by TS, mixed with O3").

TS discharge in Dry Synthetic Air

Although a DC power supply is used, the transient spark discharge is a self-pulsing phe-
nomenon due to the repetitive charging and discharging of the driving circuit capacitance
C, with a typical repetition frequency f/=1-10 kHz [42, 43]. During the charging phase of
capacitance C, the voltage applied to the anode increases until it reaches the characteristic
gas breakdown voltage. Gas breakdown then initiates a rapid discharge of the driving cir-
cuit capacitance, resulting in the formation of a short, high-current spark pulse, as shown in
Figure S1 (Supplementary material IIT).

The frequency of the TS current pulses can be controlled by adjusting the mean current
supplied to the circuit by the HV power generator, /,. An increase in the generator mean cur-
rent leads to faster charging of the circuit capacitance and a higher TS repetition frequency.
It can be validated from Figure S2 (Supplementary material III), showing long scale wave-
forms at 0.6 mA and 1.5 mA. In the experiments presented in this paper, the TS repetition
frequency was varied approximately within the range of 0.7-3 kHz by adjusting the average
current supplied to the circuit by the HV power supply within the range of 0.6—1.5 mA.
Figure 4 illustrates the discharge power, P, and the input energy density as functions of the
mean current provided by the power supply. As /, increases, both the input energy density
and the power delivered to the gas by the transient spark discharge also increase. The input
energy density is a crucial factor in evaluating the energy efficiency of chemical product
formation via TS discharge. By regulating input energy density, the mean current thus indi-
rectly also controls the concentration of nitrogen oxides generated by TS discharge.

Figure 5 illustrates the concentrations of NO, NO, and NOx (i.e. sum of NO and NO-)
as a function of increasing generator mean current. The NO concentration increases from
140 to 490 ppm, while the NO: concentration increases from 105 to 160 ppm, as the mean
current rises from 0.6 mA to 1.5 mA. Higher NOx concentrations with improved energy effi-
ciency can be achieved by modifying the reactor design and circuit parameters, such as by
incorporating an additional inductance, as we reported recently [44]. However, the primary
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objective of this paper is not the optimization of NOx generation in the gas phase, but rather
the investigation of the correlation between gas and liquid phase chemistry, with the aim of
enhancing the efficiency of aqueous RNS formation.

Properties of Water Exposed to Dry Air Treated by TS

Dry air treated by the TS discharge was passed over DI water in a cuvette for 3 min at a
total gas flow rate of 1 L/min. The concentrations of NO: (aq) and NO; (aq) in the water,
Cyos. and Cyyp;., were continuously monitored by recording absorption spectra every 10 s.
Figure 6a depicts the time evolution of NO:7(aq) concentration for various mean discharge
currents. In all cases, the NO2"(aq) concentration increased linearly with time, within exper-
imental uncertainty. Notably, NO; (aq) was not detected in the water.
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Figure 6b shows that the NO:"(aq) concentration after 160 s increased as the mean cur-
rent increased, which can be attributed to the corresponding increase in NOx concentration
in the gas phase (Fig. 5). Figure 6b also shows the dependence of the pH after the treatment
on the mean current. At a mean current of 1.5 mA, the pH decreased from 5.8 to 3.9. At
lower mean currents, the pH after the treatment decreased less, reaching 4.1 at /,=0.6 mA.
In addition, the conductivity of the water increased from 2—-3 uS/cm up to approximately 30
uS/em at £,=0.6 mA. With increasing mean current, the conductivity further increased to
approximately 50 uS/cm at [,=1.5 mA.

Komiyam et al. demonstrated that in a gas mixture containing NO and NO., if the solva-
tion of these species into water is diffusion-limited, the resulting water chemistry is primar-
ily dominated by NO:™ [45]. In our experiment, we assume that the solvation of NO and NO-
is similarly diffusion-limited, supported by the low gas flow rate and absence of significant
water surface agitation. Therefore, the reaction kinetics and the concentrations of NO:(aq)
and NO; (aq) in the liquid depend on the uptake (flux) of gas-phase NOx into the water, and
the build-up of NO(aq) and NO2(aq) concentrations. Subsequent aqueous reactions between
these species can then lead to NO2~ formation:

NO(aq) + NOs(aq) + HO — 2NO; (aq) + 2H (ks = 1.6 x 10°M~'s™1),  (8)
2N Oy (aq) + HyO — NO; (aq) + NOj (aq) + 2H " (kg = 8.4 x 10" M ~*s™1).  (9)

At low pH, NO:™ (aq) is subsequently converted to NO; (aq) by a disproportionation reac-
tion [19]

3NO; (aq) + 3H' — 2NO(aq)™ + NOj (aq) + H;O™. (10)

However, even at pH 3.4, the decrease of NO:~ (aq) concentration is relatively slow, with
characteristic times exceeding 2000 min [18]. In our experiment, the treatment time is only
3 min and the pH did not fall below 3.9. Relatively low decrease of pH can be also attrib-
uted to the low concentration of NO;™ ions in the water. To understand why NO;~ was not
detected, let's examine reactions (8) and (9).

250
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¢+ 15mA
200 | ¥ 13mA = —o—NO; Le.0
s A 11mA Py %_ 2004 —— conductivity
z o 0.8mA .‘é —=—pH
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Fig. 6 Time evolution of NO, (aq) concentration in water (a), and dependence of the final NO, (aq) con-
centration, pH and conductivity on mean current (b)
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Production of NO:7(aq) and NOs"(aq) depends on rate coefficients of reactions (8) and
(9), and concentration of reactants, NO(aq) and NO:(aq). We do not know exact concentra-
tions of NO(aq) and NO:(aq) in the treated water, but we derived an approximate formula
describing dependence of Cy,./Cyp;. on ratio of NO(aq) to NOz(aq) concentrations, Cyg,,/
Cio24q (s€€ Supplement IV for details):

Cno2—/CNno3— = 4CNOaq/CNO2aqg + 1. (11)

According to Henry's law, the aqueous phase concentration of species under steady-state
conditions is proportional to its partial pressure in the gas phase. Henry’s law solubility
coefficient of NO, is roughly six times higher than solubility coefficient of NO [46]. Given
that gas-phase NO concentration is three times higher than NO, (490 ppm vs. 160 ppm at
1,=1.5 mA, Fig. 5), Henry's law predicts a steady-state NO,(aq) concentration twice that
of NO(aq). Based on Eq. (11), if Cyp,y/Cro24g=0-5, it would result in a NO, (aq) to NO5~
(aq) concentration ratio of 3:1, predicting a final NO; (aq) concentration of approximately
60 uM when Cy,. reaches 180 uM.

The lack of NO; (aq) observed experimentally thus suggests that our system is not at
steady-state due to the short experiment duration and continuous consumption of NO(aq)
and NO,(aq) by reactions (8) and (9). Therefore, NO(aq) and NO,(aq) concentrations are not
determined by Henry's law solubility coefficients. We assume that they are rather directly
proportional to gas-phase NO and NO, concentration. Assuming NO(aq) concentrations is
potentially three times higher than NO,(aq), based on gas-phase NO/NO, ratio, the Cy,,. to
Cyo;. ratio becomes 13:1, according to Eq. (11), predicting only~14 uM concentration of
NO; (aq), when NO, (aq) concentration is 180 pM. While 15 pM concentration of NO;~
(aq) is detectable in pure NO; (aq) solution (Fig. 2b), it approaches the detection limit in the
presence of significantly higher NO, (aq) concentrations (~ 180 pM).

Additionally, other NO, (aq) production pathways may further increase the Cyy,. to
Cyo;. ratio. For example, N,0; can form in a NO and NO, gas mixture as an intermediate
product in the gas phase or at the liquid interface, resulting in NO, (aq) formation in water
via reaction (12) [45, 47, 48]:

NyO3 + HyO — 2NOy (aq) +2HT. (12)

Gas Phase Chemistry in Mixtures with NO, NO,and O,

Introducing Os into the TS discharge-treated gas stream, containing NO and NO., gener-
ated additional species identified by FT-IR spectroscopy. At input mean currents of 0.6,
0.8, and 1.1 mA, the FT-IR spectra showed N20s, HNOs, and NO: absorption bands. At
1.3 and 1.5 mA, N2Os concentration was minimal (around 3 ppm), and NO: concentration
was significantly high (above 500 ppm) and some NO was also detected (up to 150 ppm at
1.5 mA). Figure 7a presents illustrative FT-IR spectra, demonstrating significant variations
in the resulting gas mixture composition approximately 4 s after mixing O; (initial concen-
tration 400 ppm) with TS-treated air at different mean currents and different initial NOx
concentrations (Fig. 5).
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The influence of NO and NO, generated by the ozone generator on overall NOx concen-
trations was found to be negligible. The TS generated much higher concentrations of NO
and NO, than the ozone generator, and the TS-treated air was mixed with Os-rich air from
the ozone generator in a 4:1 ratio. Only N,O was generated more efficiently by the ozone
generator than by the TS discharge. However, as also shown by our kinetic modeling, N,O
is a very stable molecule and can be considered inert in the post-plasma chemistry.

Figure 7b provides a zoomed-in view of one spectrum (wavenumbers 1400-1000 cm ™,
1,=0.6 mA), illustrating the fitting procedure used to calculate individual product
concentrations.

Figure 8 shows the relationship between mean current and measured O3, NO, NO-, and
N:Os concentrations. A notable shift in product distribution occurs around a mean current of
1.2 mA. At low mean current (below 1.2 mA), N2Os concentration is high, peaking around
110 ppm at 0.8 mA, while NO is fully consumed. Os concentration decreases and is com-
pletely consumed above 1.2 mA. NO: concentration increases from 0.6 to 1.5 mA, reaching
approximately 580 ppm at high mean current.

Measured data are compared with chemical kinetic model values. The model used an
initial Os concentration of 400 ppm, and NO and NO: concentrations from Fig. 5. Chemical
composition changes were tracked for 4 s in the model. The calculation step varied from
0.1 ns to 10 us and was adjusted after each step to ensure relative changes of species con-
centration did not exceed 10%. It is evident that, for all species considered, the experimental
and computationally derived concentrations demonstrate a consistent dependence on the
mean current. Furthermore, the corresponding experimental and computational data points
presented in Fig. 8 display close agreement. Notably, the majority of computational points
are situated within the experimental uncertainty range of the measured data points. Conse-
quently, we can confidently utilize the model to approximate the concentrations of species
that are not experimentally observable (e.g. NO;), however infer the reaction pathways
involved in N>Os formation.

Figure 9 illustrates the computationally derived time evolution of NO, NO2, Os, and
N20s species under two limiting conditions. Figure 9a presents data simulating /,=0.6 mA,
characterized by the lowest initial concentrations of NO and NO-, specifically 145 ppm and

0.10
E—ra—al NO
i— 0.6 mA i 0.020 ——— HNO, ~ 13 ppm
08 ‘41.1 mA N,O ~ 10 ppm
- - |—1.5mA | N,O;~ 100 ppm
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Fig. 7 FT-IR spectra of gas mixture approximately 4 seconds after mixing Os (initial concentration 400
ppm) with TS-treated air at different mean currents (a); zoomed-in view of a spectrum, wavenumbers
1400-1000 cm™, Ig = 0.6 mA (b)
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Fig. 9 Computationally derived time evolution of NO, NO:, Os, and N:Os species under two limiting
conditions; (a) data simulating I,=0.6 mA; (b) data simulating [,=1.5 mA

100 ppm, respectively. Figure 9b presents data simulating /,=1.5 mA, characterized by the
highest initial concentrations of NO and NO-, namely 490 ppm and 145 ppm, respectively.

Figure 9a demonstrates that NO is consumed relatively quickly, within less than 0.1 s,
together with a noticeable reduction in Os concentration and an increase in NO: concentra-
tion. This phenomenon is attributed to the mutual reaction between NO and Os species,
yielding NO2:

NO+ O3 — NO2 + Os (13)

Given that at 0.6 mA the initial concentration of Os significantly surpasses that of NO, the
remaining ozone proceeds to react with NO-, oxidizing it to the nitrate radical (NO3):

NOy+ O3 — NO3 + O, (14)
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Reaction (14) exhibits a considerably slower rate compared to reaction (13) and progresses
gradually throughout the entire simulation period. However, NOs does not accumulate in
the gaseous phase, its number density remaining below 10'° cm™ (hence, it is not depicted
in Fig. 9), as it is consumed by its reaction with NO, resulting in the formation of N2Os:

NO2+N03+M_>N205+]\4 (]5)

This observation suggests that reaction (13) is the limiting factor for the production of N>Os.
The gradual increase in N20Os concentration observed throughout the computational time
aligns with the findings of Wang et al., who demonstrated that the concentration of N2O:s is
dependent upon the tube length, which corresponds to the interaction time between Os and
NOx [27]. In general, our results are consistent with prior research that has investigated the
production of N2Os [26, 27]. Furthermore, the observed results align with established night
atmospheric chemistry, in which the NO; radical plays a crucial role as an oxidation agent
[49]. It is important to note, however, that the initial concentrations of NO, NO,, and O; in
the studied gas mixture were significantly higher than those in the atmosphere.

The situation depicted in Fig. 9b, corresponding to 1.5 mA, presents a distinct scenario.
Given that at 1.5 mA the initial concentration of Os is lower than that of NO, the mutual
reaction (13) between these species results in the complete depletion of Os within less than
0.2 s, causing a significant elevation in the concentration of NO2. Subsequent oxidation
to NOs is impossible, and consequently, the concentration of N2Os remains at a low level,
plateauing around the 0.1-s mark. For the remainder of the simulation period, the concentra-
tions of NO and NO: exhibit minimal variations, too.

Despite using dry synthetic air, HNOs was observed in FT-IR spectra at discharge cur-
rents below 1.2 mA, reaching concentrations up to approximately 20 ppm. We hypothesize
that this HNOs formation resulted from the hydrolysis of N>Os by trace water molecules,
a process analogous to nighttime atmospheric chemistry [50, 51]. Potential sources of this
water include residual moisture in the synthetic air, water absorbed on tubing surfaces, and
diffusion from the silica tubes connecting the Teflon components to the reactor and FT-IR
cell. However, our kinetic model does not account for humidity, because atmospheric HNOs
production via N2Os hydrolysis primarily occurs through heterogeneous surface reactions
on water aerosol particles [52], not solely gas-phase mechanisms. Therefore, a more com-
prehensive model incorporating both gas-phase and surface reactions, along with a precise
characterization of reactive surface sites within our system, and formation of aerosol would
be necessary to model HNO; formation.

Properties of Water Exposed to Dry Air Treated by TS, Mixed with O,

Figure 10a presents the time-dependent concentrations of NO2"(aq) and NOs (aq) in water
subjected to dry air treated by a TS discharge and subsequently mixed with Os. Data are
shown for different mean currents. Figure 10b displays the trends of pH, conductivity, and
the final NO:(aq) and NOs™(aq) concentration after a 65 s treatment period, plotted against
the mean current. In contrast to experiments without supplemental Os, where the water
was exposed to the reactive nitrogen species mixture for three minutes, here the water was
exposed to RNS mixture for only one minute. This restriction was imposed because, at mean
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currents below 1.2 mA, the NOs (aq) concentration increased too rapidly, surpassing the
upper limit of the in-situ absorption spectroscopic technique.

A clear distinction in the data between low and high mean currents is observed in both
figures, which is caused by variations in the initial NO to Os ratio and thus different compo-
sition of gas entering the cuvette. At mean currents exceeding 1.2 mA, where the initial NO
concentration surpasses the Os concentration, NO: becomes the dominant gas species enter-
ing the cuvette (Fig. 8). Specifically, at /,=1.3 mA, the formation of NO>"(aq) and NOs™(aq)
occurs through reaction (9), involving two solvated NO2(aq) molecules. Consequently, the
concentrations of NO:7(aq) and NOs(aq) are nearly equal, within the experimental uncer-
tainty (Fig. 10a).

At1,=1.5 mA, the gas composition entering the cuvette is slightly altered; in addition to
NO., some residual NO is present. This leads to a slightly higher concentration of NO:"(aq)
compared to NOs7(aq). This difference arises because NOs (aq) is exclusively produced via
reaction (9), whereas NO> (aq) is generated by both reaction (8) and reaction (9). At both
1.3 mA and 1.5 mA, the pH decreases below 4, similar to the pH observed in water exposed
to TS treated air without supplemental Os (Fig. 6b).

The situation differs at mean currents below 1.2 mA, where the initial NO concentration
is lower than the initial Os concentration. High NOs™(aq) concentration was observed, while
the NO:2"(aq) concentration was negligible. This discrepancy can be attributed to the pres-
ence of N2Os and HNO:s in the gas phase. HNO:s is highly soluble and readily dissolves in
the liquid, yielding nitrate:

HNOs(g) - HNO3(aq) — NO3 (aq) + H (16)

N20s can generate NO; (aq) in water through two pathways [22, 27]. First, gaseous N20s
can dissolve directly into the liquid, producing NO; (aq) via reaction (17):

N2Os(aq) + H20 — 2NO;3 (aq) +2H™ (17)

Second, it can form HNOs at the liquid interface through reaction (18), subsequently dis-
solving according to reaction (16):
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Fig. 10 Time evolution of NO, (aq) and NO; (aq) concentrations in water (a), and dependence of the final
NO," concentration, pH and conductivity on mean current (b)
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Fig. 11 Energy efficiency of 25
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The sharp decrease in pH and high conductivity observed after one minute of treatment at
1,<1.2 mA are a direct consequence of the elevated H*(aq) and NOs(aq) concentrations.

Figure 11 shows the energy efficiency of NO,~ formation from dry air treated by TS
discharge, with and without additional Os, as a function of mean current. When calculat-
ing energy efficiency with additional O;, the power consumed by the ozone generator was
included. Despite this, the highest efficiency achieved with O; is approximately 2 nmol/J,
which is four times higher than that obtained using TS discharge alone. This calculation
used the total ozone generator power (8 W), while only a fraction of the generated ozone
was utilized. Therefore, efficiency could be further improved by utilizing different ozone
source, generating less O at lower power.

The efficiency of NO,~ fixation peaks at 0.8 mA, coinciding with the maximum observed
concentrations of N,O5 and HNO;. This suggests that N,Os/HNOj; are key reactive species
for nitrogen fixation in water. At 0.8 mA, the gas-phase concentrations of N,O5 and HNO,
are approximately 115 ppm and 21 ppm, respectively. In the liquid phase, the NO;~ con-
centration after one minute of treatment is approximately 87 ppm. If HNOj; is assumed to
dissolve completely, it accounts for about 24% of the total NO;™ in the water. The remaining
NOj; (aq), approximately 66 ppm, is attributed to the solvation of N,Os.

Since one N,0O5 molecule produces two NO; (aq) ions in the liquid phase via reaction
(17), only roughly 29% of the gas-phase N,Oj dissolves into the liquid under the present
experimental conditions. Noori et al. [26] reported its higher solvation efficiency of approxi-
mately 78%. This significant discrepancy could be due to the limited gas—liquid interaction
area and diffusion-limited transport in our setup. The solvation efficiency of N,O5 can be
further improved by bubbling the treated gas through the water or by using an electrospray
system, which significantly increases the total interaction interface by converting bulk water
into microdroplets [19].
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Conclusions

This study investigates reaction pathways that enhance nitrogen fixation by combining
air treated with transient spark discharge, containing NO and NO,, with O; generated
by an ozone generator. The resulting gas mixtures were passed through a cuvette filled
with deionized water, where in-situ UV—Vis absorption spectroscopy was used to analyze
the liquid-phase reactive nitrogen species. A key novelty of this work is the correlation
between gas-phase and liquid-phase RNS concentrations. Gas-phase RNS, quantified by
FT-IR absorption spectroscopy, were compared with values calculated by a chemical kinetic
model. A good agreement between measured and calculated gas-phase RNS was achieved,
validating the model's utility in elucidating the reaction mechanism for N,O5 production.

The TS discharge efficiently generates NO and NO, in dry air. In these experiments, the
NO concentration ranged from 140 to 490 ppm, while the initial NO, concentration was
always lower, ranging from 90 to 160 ppm. When only TS-treated air was passed through
the cuvette (without additional O;), NO: (aq) accumulation was observed, with negligible
NOj;™ (aq) formation. This suggests that NO: (aq) formation is primarily driven by the reac-
tion between solvated NO(aq) and NO,(aq). However, due to the limited solubility of NO
and NO,, only a small fraction dissolved in the water.

Mixing TS-treated air with O; (initial concentration 400 ppm) significantly altered con-
centrations of RNS both in gas and liquid-phase. The NO to O, ratio was the critical factor
determining the reaction pathway. Initially, NO reacts with O; to produce NO,. If the NO
concentration exceeded the O; concentration, the dominant gas-phase products entering the
water cuvette were NO, and residual NO. Consequently, the water contained a mixture of
NO:(aq) and NO; (aq), primarily formed by the reaction of two solvated NO,(aq) mol-
ecules. On the contrary, if the O; concentration exceeded the NO concentration, NO was
completely oxidized to NO, and further to NO;. This highly reactive radical rapidly reacts
with NO, to produce N,Os. The rate-limiting step for N,O5 formation is the relatively slow
reaction between O; and NO,.

The kinetic model highlighted the crucial role of NO; in N,0O5 formation. However,
due to its low gas-phase concentration (resulting from its slow production and rapid con-
sumption), direct NO; solvation contributed negligibly to aqueous RNS formation. Instead,
NO; indirectly influenced aqueous RNS production through the formation of highly soluble
N,Os.

N,Os solvation leads to the direct formation of NO; (aq) or indirect formation via HNO,
at the water interface. HNO; exhibits even higher solubility than N,0Os. Consequently,
despite the presence of NO, in the gas, NO27(aq) concentrations in the water remained neg-
ligible, while NO; (aq) concentrations significantly increased, confirming the dominant role
of N,O5 and HNO;. HNOj; formation also occurred within the tubing system due to residual
water, potentially contributing up to 24% of the measured NO; (aq), even when using dry
synthetic air.

The results obtained enhance our understanding of nitrogen fixation processes. Utilizing
Oj; can significantly improve NO; (aq) formation efficiency by converting NO and NO, to
N,Os. Further energy efficiency improvements are possible by optimizing O; generation, as
in this study a substantial portion of the generated O; was not utilized. Future research will
focus on optimizing the process by: (1) increasing NO, generation through tuning the TS
discharge driving circuit, (2) improving O5 generation efficiency, (3) optimizing gas flow
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rates, and (4) enhancing the transport of gas-phase products to the aqueous phase. We also
plan to investigate this process using humid air treated by TS discharge. This approach may
enable direct production of highly soluble HNO, via TS discharge and potentially increase
HNO; formation upon O; addition.
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