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Abstract: The recent energy crisis revealed that there is a strong need to replace hydrocarbon-
fueled industrial nitrogen fixation processes by alternative, more sustainable methods. In light of
this, plasma-based nitrogen fixation remains one of the most promising options, considering both
theoretical and experimental aspects. Lately, plasma interacting with water has received considerable
attention in nitrogen fixation applications as it can trigger a unique gas- and liquid-phase chemistry.
Within this context, a critical exploration of plasma-assisted nitrogen fixation with or without water
presence is of great interest with an emphasis on energy costs, particularly in plasma reactors which
have potential for large-scale industrial application. In this work, the presence of water in a multi-
pin plasma system on nitrogen oxidation is experimentally investigated by comparing two pulsed
negative DC voltage plasmas in metal–metal and metal–liquid electrode configurations. The plasma
setups are designed to create similar plasma properties, including plasma power and discharge
regime in both configurations. The system energy cost is calculated, considering nitrogen-containing
species generated in gas and liquid phases as measured by a gas analyzer, nitrate sensor, and a
colorimetry method. The energy cost profile as a function of specific energy input showed a strong
dependency on the plasma operational frequency and the gas flow rate, as a result of different
plasma operation regimes and initiated reverse processes. More importantly, the presence of the
plasma/liquid interface increased the energy cost up to 14 ± 8%. Overall, the results showed that the
presence of water in the reaction zone has a negative impact on the nitrogen fixation process.

Keywords: nitrogen fixation; plasma-based nitrogen fixation; multi-pin plasma system; plasma/
liquid interface

1. Introduction

Nitrogen (N2), a major constituent (78%) of the Earth’s atmosphere [1], is an essential
compound for the growth of plants and living organisms [2]. However, these organisms are
not able to directly use nitrogen present in air, due to the high stability of the N≡N electronic
configuration, which has a high dissociation energy of 9.79 eV. Within this context, nitrogen
fixation (NF) is a process that provides chemical pathways to make nitrogen accessible for
living organisms by converting N2 molecules into species consumable by plants, such as
NH3 and (H)NOx [3,4].

The beginning of the 20th century was marked by a rapid increase in nitrogen-
containing fertilizers production via the Haber–Bosch (H–B) process for NH3 synthesis [5].
The synthesis is carried out at high pressure and temperature in the presence of a catalyst,
supplying nitrogen from the ambient air, together with hydrogen and energy from natural
gas (CH4) steam reforming. Such harsh operational conditions and extreme dependence

Appl. Sci. 2023, 13, 7619. https://doi.org/10.3390/app13137619 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13137619
https://doi.org/10.3390/app13137619
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4619-2346
https://orcid.org/0000-0002-6543-8914
https://orcid.org/0000-0002-8059-4464
https://orcid.org/0000-0001-7883-5786
https://doi.org/10.3390/app13137619
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13137619?type=check_update&version=1


Appl. Sci. 2023, 13, 7619 2 of 17

on CH4 bring a number of significant disadvantages, namely, greenhouse gases emission
(although part of the emitted CO2 is reacted with the produced NH3 to yield a fertilizer
consisting of a solution of urea and ammonium nitrate in water, also known as UAN) and
utilization of 3–5% of the total natural gas output [6]. Finally, H–B is feasible only on a
large industrial scale. Considering the firm reliance of the H–B process on CH4 and the
consequent disadvantages, the need to develop and integrate a new alternative approach is
of paramount importance [7].

Recently, various methods have been considered to replace (or at least to compete
with) the H–B process, such as metal-complex NF, electrocatalysis, photocatalysis, thermal
catalysis, and nonthermal plasma (NTP) [8,9]. Plasma is an ionized gas, consisting of ions,
electrons, and noncharged species (photons, molecules, atoms, and radicals) in excited
and ground states. Specifically, NTP generates an intensified plasma chemistry due to
the enhanced electron temperature (Te), while due to its nonequilibrium nature (i.e., the
electron temperature and the vibrational temperature are much higher than the rotational
temperature), the background gas remains closer to ambient conditions. Although electrical
power is required to generate plasma, it can be supplied from renewable energy sources,
providing multiple advantages of this method, namely, its compact size, making it ideal
for decentralized production, its quick start-up, and its rapid response to changes in the
composition of the working gas [7,10,11].

Despite the good performance of some low-pressure plasma sources [12,13], their
demand to utilize vacuum systems is considered an evident disadvantage preventing
industrial implementation. In contrast, considerable work is focused on developing high-
pressure plasma-assisted NF processes (>1 atm) [14]. Due to its simplicity and portability,
most attention is, however, paid to NF using various NTP sources operating at atmospheric
pressure, including gliding arcs [15,16], corona discharges [17], plasma jets [18,19], and
dielectric barrier discharges (DBDs) [20].

It must be noted that the H–B process produces NH3, which on its own is not a
fertilizer, but a fertilizer building block, and fertilizers such as UAN and NH4NO3 are
most commonly used. Industrially, nitrates are produced via the oxidation of NH3 via the
Ostwald process [21,22]. In contrast, plasma NF largely focuses on (H)NOx production,
because it shows the most promising results in terms of energy cost and production rates.
The plasma-produced (H)NOx can be subsequently (partially) reduced to NH3 to produce
aqueous solutions of NH4NO3 [23,24].

In the field of plasma-based NF, the presence of water (as an electrode or as part of
the gas stream) in the plasma zone has also attracted significant attention since water is
considered a green hydrogen source. These discharges can generate a diversity of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). Using droplets in a corona
discharge yielded an energy efficiency of 3.9 g/kWh for NOx [25]. Moreover, adding water
as a liquid electrode into discharge reactors also proved to be a good approach to generate
aqueous nitrites and nitrates [26]. A corona discharge applied over a water surface was
found to show an increase of more than 90% of NOx transformation in HNO2/HNO3
compared to cases without the presence of water [27,28], thus dramatically reducing the
need for downstream aqueous scrubbers to absorb the plasma-produced gaseous NOx.

In contrast, another recent study which used a transient spark plasma demonstrated
that the presence of water could induce an adverse effect by reducing the NF efficiency by
approximately 20% compared to the dry air condition [29]. The divergence in the reported
data between various works can be explained by an indirect comparison of the plasmas
with and without water, poor plasma characterization, specifically plasma power and
discharge regime, focusing only on the products generated in the gas or liquid phases.
Moreover, an extensive number of studies mainly focused on miniaturized configurations
and lab-scale plasma sources, and the upscaling impact is often overlooked. As such, from
an industrial point of view, there is still a long way to go for plasma-assisted NF before it
can be fully exploited and used as an auxiliary technology to H–B. To bridge this gap, it is
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important to obtain detailed insights into plasma-assisted NF in the presence and absence
of water.

The present work aims to contribute to the fundamental understanding of the impact
of a plasma/liquid interface and the upscaling of the system on the energy efficiency of
a plasma-assisted nitrogen oxidation process at atmospheric pressure in air. We studied
plasmas generated in both multi-pin metal–metal and metal–liquid electrode configurations.
First, we performed plasma diagnostics to gain insights into their power consumptions,
discharge regimes, gas temperatures, and the presence of chemically reactive species,
which determine the formation of stable nitrogen-containing products. Afterwards, we
investigated the production of N-containing species in both the gas and liquid phases,
while varying the gas flow rate and plasma power. The outcome of this fundamental study
facilitates the understanding of the effect of a plasma/liquid interface in a multi-pin plasma
reactor on the energy cost of the process.

2. Materials and Methods
2.1. Plasma Setup

Schemes of the used experimental setups are depicted in Figure 1. Figure 1a,b repre-
sent the schematics of two different electrode configurations under investigation, namely,
metal–metal (Me–Me) and metal–liquid (Me–L), respectively. At the same time, Figure 1c
illustrates a 3D representation of the setup design along with a photograph of the plasma
observed from the optical window. The DC voltage output of the main power supply
(Technix 30 kV, 40 mA) was transferred into a pulsed voltage and distributed along 14 pins
using the so-called chopping gap method, as described elsewhere [30,31]. The details about
the electrical circuit used in this work are presented in the Supplementary Information (SI).
The reactors studied in this work can be easily scaled up by increasing the number of pins
and the applied power to any desirable value.
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Figure 1. Schematic representations of the experimental setups in (a) metal–metal and (b) metal–
liquid electrode configurations, and (c) a 3D representation of the reactor together with a photograph
of one pin while the plasma was operational.

The reactor in the pin-to-plate configuration consisted of 14 pins inserted inside quartz
tubes and used as high voltage electrodes. The supplied gas distribution network was
designed in such a way to ensure an equal distribution of air coming into the plasma zone
and to control the gas residence time. In both systems, dry air (Air Liquide-Alphagaz 1,
99.9% purity) was used as operational gas with a gas flow rate of 4, 6, 8, 10, and 12 standard
liters per minute (L min−1). The Me–Me setup configuration used a circular stainless steel
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mesh plate of 12 cm diameter (opening of 200 µm and a thickness of 150 µm) as grounded
electrode. In the Me–L system, a sodium dihydrogen phosphate (NaH2PO4, Carl Roth
GmbH + Co, 98%) solution in water with a conductivity of σ = 350 µS/cm was used as
a liquid electrode instead of the mesh plate electrode. The water solution was pumped
into the system at a liquid flow rate of 20 mL min−1, enabling a stable liquid level with a
volume of 11.3 cm3 in the chamber, which possesses a volume of 971.5 cm3. At the same
time, the increased conductivity ensured a stable plasma operation. The discharge gap was
fixed at 5 mm for both investigated configurations during all experiments.

2.2. Plasma Diagnostic Methods
2.2.1. Electrical Characterization

Electrical characterization of the plasmas was performed to ensure that both Me–Me
and Me–L reactors could operate within the same power range. For this, the plasma voltage
and current waveforms were recorded via an oscilloscope (LeCroy WaveRunner 64Xi,
600 MHz bandwidth, LeCroy, Chestnut Ridge, NY, USA), employing a high-voltage probe
(P6105A, 75 MHz bandwidth, Tektronix, Beaverton, OR, USA) and current transformer
(Pearson Current Monitor: model 2877, Pearson Electronics Inc., Palo Alto, CA, USA).
Afterwards, the plasma power was calculated as follows:

P = ƒ
∫ T

0
V(t)× I(t)dt, (1)

where V(t) and I(t) are instantaneous voltage and current, respectively, while ƒ is the
voltage frequency defined by the charge–discharge rate of the capacitor in the chopping
gap electrical schematic (see Figure S2 for more details). In addition, the number of
plasma strikes that appeared within one period was determined from the current–voltage
waveforms, filtering all current peaks with threshold height above 10%.

2.2.2. Optical Emission Spectroscopy

The gas temperature (Tgas) is an important plasma characteristic that defines the
reaction rate of the occurring chemical processes. In nonequilibrium plasmas, it is a widely
accepted approximation that rotational and translational (gas) temperatures are assumed to
be in equilibrium due to the fast rotational–translational energy transfer, taking place within
less than 1 ns at atmospheric pressure [32]. Since N2 is the dominant component in the
used gas, the gas temperature was measured by recording the emission signal originating
from the second positive system of N2 (N2 (C3Πu – B3Πg)). Accordingly, optical emission
spectroscopy (OES) was performed employing high-resolution spectrometers (Horiba,
iHR550, Horiba Ltd., Kyoto, Japan with 1200 gr/mm grating and FC-UVIR600-2, Avantes,
Apeldoorn, The Netherlands) with UV-VIS optical fiber and a collimating lens, which were
placed in front of the fused silica window located in the outer wall of the plasma reactor,
as shown in Figure 1c. Nitrogen transitions in the wavelength range 300–385 nm were
recorded, and the gas temperature was obtained, matching the simulated and experimental
spectra via Massive OES software [33,34]. An example of a fitted spectrum is shown in the
SI, Figure S3. In this work, time and spatially averaged measurements were carried out,
meaning that the temperatures determined via this approach correspond to the plasma
core region. Additionally, OES in the optical range of 200–900 nm were also recorded using
a broad band, low resolution spectrometer (Ocean Optics S2000, 1.4 nm spectral resolution,
Duiven, the Netherlands) to monitor the differences in plasma composition between Me–
Me and Me–L configurations based on the emission signal from electronically excited states.
All measured spectra were calibrated using a standardized tungsten halogen lamp (Oriel:
model 63355, 250–2400 nm optical range, MKS Instruments Inc., Irvine, CA, USA).

2.2.3. Electron Density

The electron density (ne) is the primary plasma parameter describing the discharge
operation regime (pulse corona 108–1011 cm−3 > transient glow 1012–1013 cm−3 > streamer
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1014–1015 cm−3 > spark 1016–1018 cm−3) [35,36]. In this work, ne was determined using
the current–voltage method utilizing the measured electrical characteristics and plasma
geometry as described elsewhere [37]. For this, the electrical field strength (E/N) was
estimated using the measured voltage and the discharge gap, while the neutral particles
density (n) was calculated, considering Tgas measured via OES as follows:

n =
P

kTgas
, (2)

In Equation (2), P is the gas pressure, and k is the Boltzmann constant. Accordingly,
ne was estimated as

ne =
J

eve
E
N

=
J

eEµe
, J =

I
S

(3)

where J is the current density in A.m−2, S is the cross-section of the discharge in m2, e is
the elementary charge in C, E is the electrical field in V·m−1 (calculated experimentally),
ve is the electron drift velocity in m s−1, and µe is the electron mobility in m2·Vs−1. J was
calculated, considering a streamer diameter of 150 µm [38], while the electron mobility was
estimated using a BOLSIG+ solver [39].

2.3. NOx Detection in the Gas and Liquid Phases

After passing through the plasma reactor, the gas composition was examined using
a gas analyzer system (Testo 350, Testo SE & Co. KGaA, Titisee-Neustadt, Germany),
allowing us to observe NO and NO2 species in the range of 0–5000 ppm with an accuracy
of 5 ppm. For this purpose, the gas analyzer was connected in series with the plasma
reactor outlet. In the case of the Me–L electrode configuration, liquid samples of 2 mL
were collected after 15 min of plasma exposure, and the nitrite (NO2

−) and nitrate (NO3
−)

concentrations produced in the liquid phase were measured employing two different
methods. The NO2

− concentration was determined using the Griess assay, a standardized
method for examining water and wastewater [40,41]. The Griess reagent was prepared
according to the procedure described in the SI. Meanwhile, the NO3

− concentration was
quantified employing a Nitrate 3021 combination ion selective electrode immersed into a
plasma-exposed liquid sample. All gas and liquid phase measurements were carried out in
triplicate. It is worth noting that the gas treatment time for the Me–Me system was kept
consistent with that of the water system, ensuring uniformity in the measurements.

2.4. Calculation of Specific Energy Input and Energy Cost

The final comparison of the two plasma systems with and without water presence
investigated in this work was performed in terms of specific energy input (SEI) to distin-
guish the effect of varying gas flow rate and in terms of energy cost (EC) to compare the
effectiveness of the Me–Me and Me–L plasmas. Within this context, the SEI was calculated
as follows:

SEI(J/L) =
P(W)

Q
(

L min−1
) × 60(s min−1) (4)

where Q is the gas flow rate and P the power. The EC was calculated using the following
equation:

ECN−fixed[MJ/mol] =
P[W]

moles of fixed N produced per second [mols−1]
.

1

106[ J
MJ ]

(5)

considering nitrogen-containing products formed in the gas (NO, NO2) and liquid (NO2
−,

NO3
−) phases, as described in more detail in the SI.
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3. Results and Discussion
3.1. Plasma Diagnostics

To compare the energy efficiency of NF in the Me–Me and Me–L electrode configura-
tions, it is crucial to ensure that both systems operate at identical conditions. Therefore,
plasma diagnostics were first carried out to determine the plasma powers, discharge
regimes, corresponding gas temperatures, and to identify the reactive plasma species in
both reactor configurations. It is worth noting that the experimental results obtained for
different gas flow rates were compared and consistent trends were noted within the studied
range of gas flow rates. Therefore, the article presents only the data for the gas flow rates
of 4, 8, and 12 L min−1 for clearer data visualization. The rest of the data can be found
in the SI.

A typical current–voltage characteristic recorded after the spark gap is shown in
Figure 2a, while this figure’s inset shows a zoom-in of the time period when a main
plasma pulse occurs. Under this condition, the discharge power was calculated to be
20 ± 2 W, and the peak current reached 11 A. It is important to note that such current
values normally correspond to streamer or spark plasmas [42]. Meanwhile, an increase
in the applied DC voltage (and thus an increase in plasma power) and the gas flow rate
results in a more frequent formation of voltage pulses from 40 up to 250 Hz, as shown
in Figure 2b, independently from the electrode configurations. This leads to a higher
number of discharges (current peaks) observed within one period (from 1 at 20 W to 100’s
at 90 W). The same trend can also be observed from the time-averaged plasma images
shown in Figure 2c, where at 20 W, the plasma represents a single filament; while reaching
90 W, the number of filaments significantly increases, concentrating in the middle of the
plasma gap. In addition, based on the images shown in Figure 2c, the plasma volume
shows a 15 times increase when increasing the plasma power from 20 to 90 W, indicating
a nonlinear increase in the plasma-treated gas volume. The plasma volume and number
of discharges should strongly impact the overall plasma-triggered chemistry via a higher
collision possibility between reactant molecules and electrons. Finally, Figure 2d shows the
plasma power as a function of the parameter VA (applied power) averaged over all flow
rates under investigation. This result illustrates that both plasma systems with and without
water presence operate within the same power range, showing the similarity in electrical
properties, thereby allowing their direct comparison.

OES was employed to determine the difference in the gas phase compositions as well
as the gas temperatures in the Me–Me and Me–L setup configurations. First, the emission
spectra in a wide wavelength range from 200 to 900 nm were recorded, and an example of
the observed spectra is shown in Figure 3. The spectra for the Me–Me and Me–L electrode
arrangements repeat each other well and illustrate emissions from the first positive system
of N2 (N2

(
B3Πu → A3Σu

)
), the second positive system of N2 (N2

(
C3Πu → B3Πg

))
, and

the first negative system of N+
2 (N+

2

(
B2Σ→ X2Σ

)
) [40]. However, a clear difference

between the two plasma systems is observed in the wavelength range from 300 to 315 nm,
indicating the presence of the OH

(
A2Σ+ → X2Π

)
rotational band in the case of the liquid

electrode, which can be more clearly seen from the high-resolution spectrum in the inset of
Figure 3. These OH radicals originate from the dissociation of water available in the Me–L
system. The presence of water in the gas phase is a result of plasma/liquid interactions,
leading to water evaporation and decomposition into OH and H, which contributes to the
OH radical emission [43,44]. It is noteworthy to mention that the OES spectra obtained at
different plasma powers and different gas flow rates are very similar in terms of observed
emission lines, indicating that similar radiative excited plasma species are present under
all investigated conditions.
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In addition to a qualitative analysis of the excited plasma species, quantitative studies
of the gas temperature were conducted via OES. Figure 4a represents Tgas in the Me–Me
and Me–L configurations as a function of plasma power for gas flow rates of 4, 8, and
12 L min−1 (the results for all flow rates under investigation are shown in the SI, Figure S5).
As can be seen, the Me–L system always shows a higher gas temperature compared with
the Me–Me system at all gas flow rates and plasma powers (∆Tgas ≈ 433 ± 30 K). This
can be attributed to an increase in the H2O content in the plasma zone, which has higher
vibrational–vibrational (V–V) and vibrational–translational (V–T) relaxation rates than N2
and O2, resulting in a fast gas heating and plasma thermalization [45,46]. At the same
time, a decrease in gas temperature is observed with increasing gas flow rate for both
plasma systems, as illustrated in Figure 5b. From the literature, it is well known that one
of the mechanisms to sustain plasma and prevent it from the so-called streamer-to-spark
transition, avoiding undesirable energy losses on gas heating and plasma constriction,
is to increase the gas flow rate [47]. Therefore, the decrease in the gas temperature with
gas flow rate can be prescribed to the same phenomena, which leads the plasma back to
the streamer mode. In addition, it is essential to note that the gas temperature measured
via this method represents the temperature inside the plasma filament (the region with
the highest emissivity). Therefore, considering that the number of plasma pulses and the
plasma-treated gas volume increase with plasma power, it can be concluded that the overall
gas volume between the two electrodes could be heated significantly. Overall, this all has
to be considered when evaluating the final EC of the processes.
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Electron density (ne) is one of the main plasma characteristics determining plasma
physical properties, namely, the ionization degree (~plasma regime). In this work, ne
was estimated to reveal the discharge operational regimes, employing the current–voltage
method and considering a plasma channel diameter of 150 µm [48,49]. Figure 5 shows an
example of the time-resolved ne evolution for the main current peak in the Me–Me system
at a plasma power of 20 ± 2 W, a gas flow rate of 4 L min−1, and Tg of 1000 K. Under this
experimental condition, the peak electron density reaches 1.4 × 1016 ± 0.2 × 1016 cm−3 and
follows the structure of the current profile. Following the same approach, ne was calculated
for all experimental conditions, and the results are shown in the SI, Figure S6. It was found
that ne shows relatively constant values in both Me–Me and Me–L reactor configurations
and varies between 1.2–2.1 × 1016 ± 0.4 × 1016 cm−3 and 0.8–2.4 × 1016 ± 0.2 × 1016 cm−3,
respectively. These values correspond well to the so-called transient spark mode where
a plasma is typically initiated by a streamer, followed by a short (~100 ns) high current
(~10 A) pulse. In this case, the transition to a “full” spark discharge is limited by the voltage
duration [36]. However, the used method is highly sensitive to the plasma channel diameter
and strongly depends on the gas phase composition. Therefore, considering possible errors
of the used method, it is hard, if even possible, to make a conclusion about the ne behavior
at different gas flow rates and plasma powers.

To summarize, it can be stated that the interchange between the metal and the liquid
ground electrodes has a negligible impact on plasma power and discharge mode. However,
the plasma power is directly proportional to the number of plasma filaments and the
plasma volume (higher power→ more filaments→ higher plasma volume). OES indicates
that the main difference between the Me–Me and Me–L reactors is the presence of OH
radicals in the latter case. Moreover, the gas temperature measurements show that the
presence of a plasma/liquid interface results in plasma thermalization (although only
of ~400 K) that might have a negative cause on plasma-based nitrogen fixation energy
efficiency. The following section is dedicated to the determination of the produced stable
nitrogen-containing products in both gas and liquid phases.

3.2. Nitrogen Fixation Process
3.2.1. Gas Phase Products

The NF pathways toward nitrogen oxides formation were already comprehensively
investigated elsewhere [50–52]. This work therefore only intends to give a brief overview
of the NF kinetics, considering the species generated in the plasma. The reactions discussed
within this study together with their reaction rate constants are summarized in the SI,
Table S1.

In the gaseous phase of an air plasma, NO radicals are preliminary species formed
via the so-called Zeldovich mechanism [53,54]. Under nonequilibrium plasma conditions,
the main driving force in this mechanism is molecular nitrogen excited states, including
electronically and vibrationally excited nitrogen molecules. Simplified reactions are shown
in the reactions below:

Reaction (1):
N2 + O→ NO + N

Reaction (2):
N + O2 → NO + O

However, in the presence of water, this mechanism can be extended by a third reaction
involving OH radicals, which are one of the main products resulting from water dissociation:

Reaction (3):
N + OH→ NO + H
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Reactions (1)–(3) are also known as the extended Zeldovich mechanism, where
Reaction (3) has a reaction rate constant of approximately one order of magnitude higher
than Reaction (2). In turn, OH radicals are mainly generated through reactions with elec-
tronically excited oxygen atoms, molecular nitrogen, and via direct electron dissociation,
as presented in Table S1. This means that the energetic species generated by plasma can
be spent differently depending on the gas composition, and it is difficult to predict which
mechanism is more efficient without solving (at least) a 0-D computer model.

In a next step, the produced NO can be oxidized to form NO2 as follows [55,56]:
Reaction (4):

NO + O3 → O2 + NO2

However, Reaction (4) requires the presence of ozone which is not stable at high
temperatures, as is the case in this work [57]. Under this condition, other pathways
resulting in NO2 generation can be as follows:

Reaction (5):
NO + O→ NO2

Reaction (6):
2NO + O2 → 2NO2

Considering these mechanisms, the plasma outlet gas was monitored for the presence
of NO and NO2 species. The results are shown in Figure 6 for both Me–Me and Me–L
configurations as a function of SEI for gas flow rates of 4, 8, and 12 L min−1 (the results for
all flow rates under investigation are shown in the SI, Figure S7). According to the series of
graphs illustrated in Figure 6, both NO and NO2 concentrations increase with increasing
SEI. Indeed, a higher power leads to an increase in SEI, and, thus, a higher number of
energetic electrons. These electrons collide with carrier gas molecules (N2 and O2), forming
energetic species, e.g., electronically or vibrationally excited states, which contribute to
NO and NO2 formation [28]. Interestingly, the curves show an identical behavior across
all experimental gas flow rates. This observation suggests that the mechanisms through
which NOx species are being generated are independent of the used gas flow rates. It is
also worth mentioning that the NOx formation in both systems for all investigated gas flow
rates more rapidly increases for SEI values higher than 1000 J/L compared to its increase
at lower SEI values. This can be attributed to the more often plasma streamer appearance
and the increase in plasma-treated gas volume at higher SEI values, indicating a shift in
the occurring plasma-based nitrogen fixation chemical kinetics. At high SEI values, the
high plasma frequency promotes the formation of reactive species that can trigger reverse
processes, causing a decrease in NOx formation, as was already shown elsewhere [51].
At the same time, as already mentioned in Section 3.1, the rise in the number of plasma
streamers could significantly heat the gas volume between the electrodes. This can in
turn promote thermal nitrogen fixation and/or increase the rate of the occurring chemical
reactions. This suggestion is also supported by the most pronounced change in the curve
slope measured at a gas flow rate of 4 L min−1 (Figure 6), where the gas temperature in the
plasma core is the highest and the gas residence time is the lowest.

Figure 6 also shows slightly lower concentrations of NO and NO2 in the Me–L setup
configuration compared to the Me–Me system. This observation is most likely due to the
fact that a certain amount of NOx species are absorbed in the liquid phase. This effect
is more pronounced for NO2 species and can be explained considering that the Henry
constant of NO2 is higher than for NO. The latter results lead to the conclusion that nitrogen-
containing products in the liquid phase should be further evaluated, which is the focus of
the following section.
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3.2.2. Liquid Phase Analysis

Based on Henry’s law, the gas phase NOx products can penetrate into the aqueous
phase, interact with H2O, and form NO2

− and NO3
− as follows:

Reaction (7):
2NO2 + H2O→ NO2

− + NO3
− + 2H+

Reaction (8):
NO + NO2 + H2O→ 2NO2

− + 2H+

Reaction (9):
2NO + O2 + H2O→ 2NO2

− + 2H+

Reaction (10):
NO + NO2 + H2O→ 2NO2

− + 2H+

Consequently, the combined concentrations of NO2
− and NO3

− in the liquid phase
correspond to the total amount of NOx converted into HNOx species which remain dis-
solved in the liquid. The NO2

− and NO3
− concentrations in the liquid phase have been

evaluated in this study and the results are presented in Figure 7 as a function of SEI
for different applied gas flow rates (the same profiles for all flow rates under study are
shown in the SI, Figure S8). We also acknowledge that, according to recent studies, in
both plasma-catalytic and catalyst-free systems, air plasma with added water can generate
NH3 [27,58,59]. However, the selectivity to NH3 generation is dramatically lower than to
(H)NOx generation, typically leading to very small amounts of NH3. Interestingly, NH3
production in a humidified air plasma has recently been reported [27]. However, in our
case, plasma was discharging onto liquid water, and, furthermore, we did not observe any
NH emission by OES. Hence, we believe that NH3 may be formed in our Me–L system, but
most likely only in negligible amounts. Consequently, we believe that evaluating solely
(H)NOx species as NF products is sufficient for the discussion in the present work.
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It is also important to mention that in order to effectively utilize these products
(NOx) initially produced in the gas phase as fertilizer, they must be fully dissolved in
a liquid to form NO3

− as the final valuable chemical. As indicated by the reactions in
Table S1, in the presence of liquid H2O, NOx species undergo transformation resulting
in NO2

− and NO3
− generation. In the presence of air and sufficient contact time with

O2, all NO2
− is converted into nitrate NO3

−, which is already a fertilizer. In addition,
this work focuses only on the oxidation pathways of nitrogen fixation; however, literature
reports suggest that even in air plasmas with H2O, some NH4

+ generation occurs [27].
To increase the fraction of NH4

+, some nitrates accumulated in the liquid can be reduced
(e.g., electrochemically) into NH3. This essentially creates a solution of NH4NO3, the most
widely used fertilizer [27,59]. Thus, following this approach, the fertilizer can be produced
directly on-site without transportation expenses and with no requirement to separate the
fertilizer from the solution.

Identical to NO and NO2 (Figure 6c,d) in the Me–L system, for each of the gas flow
rates under study, the concentrations of nitrite and nitrate increase with increasing SEI. The
results also reveal that the Me–L system mainly promotes the production of NO2

−, as for
each experimental condition its concentration was almost one order of magnitude higher
compared to NO3

−. This can be attributed to the fact that H2O2 (the main oxidant con-
verting NO2

− to NO3
− [60]) is only formed in very minor amounts. Finally, all measured

points for different gas flow rates are within the error bar range, which reveals that the
applied gas flow rate only has a very minor effect on the NO2

− and NO3
− concentrations

produced in the liquid phase. This can be ascribed to the specific geometry of the setup
where the supplied gas does not pass through the liquid.

In general, when comparing Figures 6 and 7, it can be concluded that the concentration
of stable nitrogen-containing compounds increases similarly with SEI in both plasma
systems. However, the liquid phase analysis clearly demonstrates that the concentration of
NOx

− species is significant and must be considered when evaluating the energy cost of
plasma-based nitrogen fixation in the presence of water.

3.3. Energy Cost of the Nitrogen Fixation Process in the Multi-Pin System with and without Water

The final evaluation of the Me–Me and Me–L systems is performed in terms of energy
cost (EC) of the fixed nitrogen molecule, considering all detected nitrogen-containing
species in gas and liquid phases. The EC profiles of plasma-assisted NF in the Me–Me and
Me–L configurations are presented in Figure 8a for gas flow rates of 4, 8, and 12 L min−1,
while the results for other investigated gas flow rates can be found in the SI, Figure S9. All
EC curves presented in Figure 8a have a similar shape, passing through a well-defined
maximum. This behavior can be explained by dividing the EC profiles into three distinct
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regions, as shown in the inset of Figure 8a. Here, region I, which is characterized by an
almost linear increase in EC with increasing SEI values, represents the SEI range where the
increase in the number of plasma filaments promotes the reverse reactions, leading to the
formation of the initial products, namely, N2 and/or O2, reducing the energy efficiency
of the NF process. The same conclusion was made in [52], investigating the N2-oxidation
kinetics at similar conditions. Region II shows the SEI range where the formation and
loss reactions of NF are equilibrated. Lastly, region III, showing a sharp decrease in EC
with increasing SEI, can be attributed to the significant, nonlinear increase in the number
of plasma discharges, meaning a higher gas conversion. At the same time, this plasma
behavior can escalate the overall gas temperature in the gap (see Section 3.1 for more
details), providing an additional boost in reaction rates and an additional chemical pathway
through which nitrogen fixation can proceed, particularly thermal-driven mechanisms.
This all shows that the plasma frequency strongly impacts plasma-assisted NF and that
an optimal balance between plasma frequency and gas residence time must be found to
reach a minimal EC. An additional point toward this conclusion is the behavior of the EC
curves at different gas flow rates. As shown in Figure 8a, the EC of the process within
region I increases with the gas flow rate. This correlates with the high discharge frequency
at a higher gas flow rate (see Figure 2b) that triggers reverse processes, as discussed above.
However, a pronounced reduction in EC values at the end of region III at the same SEI but
different gas flow rates (e.g., the EC at 450 (J/L) in the Me–Me system is 28, 29, 23.5 MJ/mol
for 4, 8, and 12 L min−1, respectively) underlines the best balance between gas residence
time and plasma frequency. Literally, this means that a higher gas flow rate brings an
additional cooling effect, suppressing the reverse processes.

It is worth noting that although the EC of the process is considerably low at both
low and high SEI values for all studied gas flow rates, the production rate of NF products
increases significantly with an increase in SEI, as shown in Figure 8b. For example, in
the Me–L system, with a flow rate of 4 L min−1, the EC is approximately 27 MJ/mol and
23 MJ/mol at an SEI value of 300 and 1400 J/L, respectively, which are very similar EC
values. However, when looking at the production rate at these two SEI values, an increase
of nearly 13 times could be observed in the production rate (from 1.0 to 13.4 mmol/h, as
marked in Figure 8b). This clearly indicates that a high production rate can be achieved in
combination with a low EC, which is possible in region III of the EC profile.
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Finally, when comparing the EC plots of the NF process with (Me–L system) and
without (Me–Me system) water presence (Figure 8a), it becomes evident that the water
electrode has a negative impact on nitrogen oxide formation, reducing it by 14 ± 8% (on
average) at different gas flow rates and SEIs. This can only be explained by the energy
losses during H2O dissociation and/or evaporation and means that the extended Zeldovich
mechanism Reactions (1)–(3) over the liquid electrode is less efficient compared to the
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Zeldovich mechanism Reactions (1) and (2) in nonequilibrium plasmas. Moreover, an
elevated gas temperature of plasma streamers in the case of the Me–L system (∆Tg ≈ 400 K)
is also a good representative of the additional energy losses on gas heating. It is noteworthy
that a similar reduced energy efficiency of plasma-based nitrogen fixation in the presence
of water was also previously reported by Gromov et al. (20 ± 6%) [23]. However, the latter
investigation was dedicated to a single-pin (lab-scale) setup, operating within restricted
plasma power (<20 W) and gas flow rate (<3 L min−1) ranges. Nevertheless, the similarity
in occurring EC reductions clearly shows that the use of a liquid electrode does not improve
the performance of NF process.

To summarize, plasma-assisted NF was studied with (Me–L) and without (Me–Me) the
presence of water in a multi-pin electrode system in this work. The comparison between
both plasma configurations showed that the NF process is very sensitive to the plasma op-
erational conditions, namely, the plasma frequency and the gas residence time. An increase
in the appearance of plasma events per second (approximately <100 Hz) can trigger reverse
nitrogen fixation processes, leading to the “back” formation of feedstock gas components
(N2 and O2). On the other hand, a significantly high plasma frequency (>100 Hz) can
promote a thermal effect, increasing the reaction rates of the occurring chemical processes
and making thermal-driven nitrogen fixation more dominant. In addition, using a higher
gas flow rate increases the production rate of nitrogen-fixed products. Finally, the presence
of water in the plasma zone has a negative effect on plasma-assisted nitrogen fixation,
resulting in an elevated energy cost. However, in a hypothetical process of nitrogen fixation
and subsequent generation of fertilizers, the plasma-generated NOx would have to be
absorbed by an aqueous scrubber placed in line with a plasma reactor. In this way, NOx

-

can accumulate in the liquid and be transferred to the final fertilizer.

4. Conclusions

This work is dedicated to a fundamental study of plasma-assisted nitrogen fixation
towards nitrogen oxides formed in the absence and presence of a plasma/liquid interface,
evaluating the effect of a multi-pin plasma reactor driven by a pulsed DC voltage. Metal–
metal (Me–Me) and metal–liquid (Me–L) electrode arrangements were compared regarding
their energy costs to fix nitrogen molecules within a broad specific energy input range.
To obtain insights into NF, we first studied the physical properties of the investigated
plasma setups via several plasma diagnostic techniques. Through the investigation, the
sustainability of plasmas under various air flow rates was observed. It was evident that
plasmas were sustained in different air flow rates of 4, 6, 8, 10, and 12 L min−1. They
all operated within an identical power range (from 20 to 90 W), indicating a consistent
behavior of the plasmas regardless of the air flow rate applied. The plasmas exhibited
a transient spark regime with an electron density of 1016 cm−3. Furthermore, it was
observed that the plasma frequencies varied within a wide range from 1 to 100’s of Hz. In
addition, the Me–L system showed a higher gas temperature (increase by 400 K) in the
core of the plasma streamer. In both the Me–Me and Me–L configurations, the nitrogen-
fixed products were evaluated in the gas and liquid phases and the configurations were
compared in terms of energy cost per fixed N2 molecule. Analysis revealed that the nitrogen
fixation process is strongly dependent on the plasma operational conditions, particularly
the plasma operation frequency. An increase in this frequency can trigger reverse chemical
processes (formation of N2 and O2 from NOx) and a significant thermal effect. The obtained
results also showed that plasma-assisted NF is more energy-demanding in the presence
of water, showing an increase in the energy cost (based on plasma-deposited power) by
approximately 14 ± 8%. This was associated with energy losses during water evaporation
and dissociation. Furthermore, we demonstrated that although the multi-pin plasma
system with a liquid electrode suffers from the same drawbacks as a single-pin plasma [29],
it allows a drastic increase in the production rate, showing the possible up-scalability and,
hence, industrial potential of these plasma systems.
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Supplementary Materials: The following supporting information can be downloaded at: https://
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generator. Figure S2. Voltage curve as a function of time for a plasma power of 20 W and a gas flow
rate of 4 L·min−1. T represents the plasma period. Figure S3. Example of MassiveOES simulation of the
OES spectrum of the Me–Me electrode system for a gas flow rate of 4 L min-1 and a discharge power
of 90 ± 2 W. Figure S4. Discharge frequency variation in the chopping gap as a function of power for
the different flow rates under study in the Me–Me and Me–L systems. Figure S5. Gas temperature as
a function of plasma power for the different flow rates under study in the Me–Me and Me–L systems.
Figure S6. Estimated electron density as a function of plasma power for the different flow rates under
study in the Me–Me and Me–L systems. Figure S7. (a,c) NO and (b,d) NO2 concentrations as a function
of SEI for different gas flow rates for the Me–Me and Me–L systems. Figure S8. Evolution of (a) nitrite
and (b) nitrate concentrations generated in the liquid phase as a function of SEI in different gas flow rates
for the Me–L system. Figure S9. Energy cost of the pulsed discharge as a function of SEI for different gas
flow rates in both electrode configurations. Table S1. Possible chemical reactions occurring in the gas
and liquid phases.
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