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Nitrogen Fixation by Gliding Arc Plasma: Better Insight by

Chemical Kinetics Modelling

Weizong Wang, *"IBhaskar Patil,IStjin Heijkers,@Volker Hessel,"®! and Annemie Bogaerts*[

Abstract: The conversion of atmospheric nitrogen into valuable
compounds, i.e., so-called nitrogen fixation, is gaining increasing
interest, owing to the essential role in the nitrogen cycle of the
biosphere. Plasma technology, and more specifically a gliding arc
plasma, has great potential in this area, but little is known about the
underlying mechanisms. Therefore, we performed a detailed
chemical kinetics modelling for a pulsed power gliding arc reactor
operating at atmospheric pressure for nitrogen oxide synthesis.
Experiments are carried out to validate the model and reasonable
agreement is reached between the calculated and measured NO
and NO; yields and the corresponding energy efficiency for NOy
formation for different N,/O, ratios, indicating that the model can
provide a realistic picture of the plasma chemistry. Therefore, we
can use the model to investigate the reaction pathways for the
formation and loss of NO,. The results indicate that vibrational
excitation of N, in the gliding arc contributes significantly to
activating the N, molecules, and leads to an energy efficient way of
NO, production, compared to the thermal process. Based on the
underlying chemistry, the model allows us to propose solutions on
how to further improve the NO, formation by gliding arc technology.
Although the energy efficiency of gliding arc based nitrogen fixation
process at present stage is not comparable to the world-scale
Haber-Bosch process, we believe our study helps us to come up
with the more realistic scenarios of entering a cutting-edge
innovation in new business cases of the decentralized production of
fertilizer for agriculture which are essentially opened by the intrinsic
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potential of low-temperature plasma technology.

Introduction

Nitrogen is an essential component for all forms of life because it
is required to biosynthesize basic building blocks of plants and
living organisms. The latter can consume nitrogen in a usable
form, obtained by chemical reaction with oxygen or hydrogen or
carbon. Therefore, we find nitrogen compounds in plant cells,
amino acids, proteins and nucleic acids. In the earth's
atmosphere, there is an abundant supply of nitrogen — 78.08%
of the gas is composed of molecular nitrogen (N2). However, this
most abundant nitrogen source is not available to the majority of
living organisms because it is extremely difficult to break the
triple bond and the very stable electronic configuration, which
make almost any first reaction step of the conversion very
energy demanding. As a result, nitrogen fixation (NF), which
converts nitrogen molecules into simple nitrogen compounds,
such as ammonia or nitric oxide that can be further used as
precursors for the synthesis or biosynthesis of more complex
molecules, is very significant. However, it is the most
challenging step of nitrogen utilization by living organisms.!'!

The conventional Haber—Bosch (H-B) process of the binding of
nitrogen with hydrogen to produce ammonia at high pressure
and temperature is the most significant process to produce
fertilisers. It is expected that the global ammonia capacity will
increase from 204.2 million tons per year in 2013 to 249.4 million
tons by 2018.°F1 Hence, the amount of synthetic nitrogen
obtained by human activities has exceeded natural biological
fixation.! From an energy point of view, industrial ammonia
synthesis is the most energy intensive chemical process. The
H-B process consumes 1-2 % of the world’s total energy
production and utilizes 2-3 % of the total natural gas output.
Furthermore, it emits more than 300 million metric tons of
carbon dioxide.®re!

Considering the increasing demand of fertilizers, the high energy
intensity and environmental concerns triggered by industrial
nitrogen fixation (i.e., the H-B process), the need to develop and
integrate more sustainable processes becomes imperative.[’-8l
Several alternative (non-conventional) technologies are being
investigated, such as biological NFP%and NF with
metallocomplex homogeneous catalysts under ambient
pressure.''! Another new technology considered to have great
potential for reducing the environmental impact and improving
the energy efficiency is based on plasma, i.e., an ionized gas,




typically created by applying electric energy. Especially when
sustainable energy sources such as wind and solar cells are
utilized for the generation of electricity, the dependence on fossil
fuels during this industrial process is greatly reduced and no
greenhouse gas emissions take place. This makes plasma an
inherent “green” technology.

Plasma based NF is generally accomplished by the reaction of
nitrogen with oxygen or hydrogen to produce nitrogen oxide
(nitric oxide) or ammonia, respectively.! For plasma based
ammonia synthesis, expensive hydrogen is required, besides
readily available nitrogen. In contrast, for plasma based nitric
oxide synthesis, the raw materials (air) are abundantly available
at low cost. As a result, more research devoted to the plasma
based nitric oxide synthesis can be found in the literature.['2-16]
For this purpose, either thermal or non-thermal plasma can be
used. Thermal plasma, however, requires very high
temperatures and the energy efficiency is low. Non-thermal
plasma, on the other hand, is very promising, because the
theoretical limit of the energy consumption of nitrogen oxidation
is more than 25 times lower than that of the H-B
process.["®IThus, atmospheric non-thermal plasmas offer unique
perspectives because of their capacity to induce chemical
reactions within gases with a limited energy cost at ambient
pressure and temperature.

Gliding arc plasmas are among the most effective and promising
plasmas for gas conversion,['F3% because they offer benefits of
both thermal and non-thermal discharges. They are typically
considered as ‘warm’ discharges, and vibrational excitation of
the molecules is seen as the most efficient way to assist the
conversion or synthesis.B®'l A few studies have been reported on
employing a gliding arc reactor for nitrogen fixation.?-38The
highest concentration of NO, achieved was found to be 1.0 % in
a milli-scale gliding arc reactor.! In this reactor, one can expect
to benefit from an intensified contact of the reactive plasma
species with the gas molecules, and therefore a higher efficiency
in delivering energy to the reactant gases.

In order to improve the applications (i.e., mainly gas conversion),
the physical and chemical characteristics of the gliding arc have
been extensively studied by both experiments¥“4and computer
modelling ¥9%9 The latter is very useful in providing more
insight into the underlying reaction mechanisms of plasma
assisted gas conversion or synthesis, e.g. by evaluating
quantities which are difficult to measure, and by identifying the
most important chemical reactions or parameters.*5-5" However,
only a few papers in literature deal with modelling of a gliding
arc.2%9 To our knowledge, there exist no models yet for NO
synthesis in a gliding arc.

Previous theoretical analysis has revealed that vibrationally
excited nitrogen plays an important role in energy efficient NO
formation,'8l 38 put these studies lack a description of the
plasma chemistry. For N./O, mixtures, several papers have
presented kinetic models with a complex description of the

vibrational and electronic levels,®%4 put these models do not
apply to a gliding arc reactor. As a result, the various
mechanisms that contribute to NOy production in a gliding arc
are not yet completely understood. This may be because a
gliding arc is a non-stationary discharge and its effective volume
is changing due to the arc elongation caused by the gas blast.
Therefore, building an accurate model for such a non-uniform
reactor with a complex plasma chemistry is very challenging.

In this paper, for the first time, we study the NOy synthesis in a
pulsed power gliding arc reactor by a chemical kinetics model.
Experiments are performed to benchmark the model. We
investigate the product yields of various NOy compounds, the
reaction selectivity and the energy efficiency, for different feed
ratios of N»/O,. By comparing these values with those for the
pure thermal process, where most of the energy is spent on the
gas heating rather than on the nitrogen oxidation reactions, we
can clearly demonstrate the non-equilibrium character of the
gliding arc and explain the higher values of the NOy yield and
energy efficiency. Furthermore, in order to increase our general
understanding of the underlying mechanisms and pathways, we
perform a kinetic analysis, based on the simulation results, to
elucidate the role of various plasma species, and especially of
the N vibrational states, in the NOy synthesis. This enables us
to propose solutions on how to further improve the formation of
NOx by gliding arc technology.

Results and Discussion

NOx formation

The measured and calculated NO and NO, concentrations are
plotted as a function of No/Oaratio in the gas mixture in figure 1
(a,b). The total NOx concentration (i.e., sum of NO + NO) and
the NO and NO; selectivity are presented in figure 2 (a,b). Note
that the experiments are limited to a N»/O; ratio in the range of
0.25 — 4, while the simulations are performed in a wider range of
0.025 — 40, to obtain additional information. The concentrations
of NO and NO, follow a similar parabolic trend upon varying the
N/O; ratio, and there exists an optimum feed ratio at which the
maximum yield is reached. This is logical, because both N, and
O, are the (initial) precursors for NO and NO,. Experimentally
the concentration of NO increases until a feed ratio of 3, after
which the NO concentration starts to decline. The NO;
concentration reaches its peak at a feed ratio of 1. The
calculated results follow a left-skewed trend for both NO and
NO,, as well as for their sum, with respect to the experimental
values. However, the absolute values of the calculated and
measured concentrations are in rather good agreement,
certainly in view of the complexity of the plasma chemistry.




Figure 1. Experimental and calculated concentrations of NO (a) and NO2 (b)as
a function of the N2/O; ratio in the feed gas, for a gas flow rate of 2 L/min and
a SEl of 1.4 kJ/L (or 0.35 eV/molec).

At a feed ratio of Ny/O, around 1, both the NO and NO;
selectivity are close to 50 %, but at a higher feed ratio, both the
experimental and calculated NO selectivity increase, while the
NO, selectivity shows the opposite trend. This is logical,
because NO, production by NO oxidation becomes less
important upon increasing fraction of N.. When the feed ratio of
N2/O; is below 1, the NO selectivity again increases slightly, and
the calculated value reaches about 60 % at a low N2/O, ratio
around 0.02, while the calculated NO, selectivity is only 40 %.
This is because the net formation rate of NO, decreases more
than that of NO with increasing O.fraction. In general we can
conclude that reasonable agreement is obtained between the
experimental and calculated data, indicating that the model can
provide a more or less realistic picture of the plasma chemistry,
and can thus be used to elucidate the underlying mechanisms,
as will be shown later.

Figure 2. Experimental and calculated concentrations of NOx (taken as NO +
NO3) (a) and NO and NO: selectivity (d) as a function of the N2/O: ratio in the
feed gas, for a gas flow rate of 2 L/min and a SEI of 1.4 kJ/L (or 0.35
eV/molec).

Comparison of our results with thermal NOx formation and
with the Haber-Bosch process

In order to evaluate the performance of our gliding arc for
nitrogen fixation, we compare our results with the thermal NOy
yield, calculated as a function of gas temperature (See the
calculation method in the supporting information). The thermal
NOy vyield model is based on the chemical equilibrium
composition which is calculated by finding the composition that
minimizes the Gibbs free energy. It is a standard technique in
equilibrium chemistry and used widely in the literature due to the
difficulties in performing related experiments at a very high
temperature.[®

Figure 3 shows the calculated equilibrium species composition
of a 50% N2/50% O, mixture, as a function of the gas
temperature at atmospheric pressure. At room temperature, the
thermal NOx (i.e., NO + NOy) yield is negligible because the
species energy is not high enough to break the nitrogen bond.
With increasing gas temperature, the molar fractions of NO and
NO; increase. The selectivity of NO is higher than that of
NO.due to the dissociation of NO, into NO and O at higher
temperature. The concentration of NO reaches a peak at around




3500 K. A further temperature increase yields a reduction of the
NO vyield, because of dissociation of NO into N and O atoms.

Figure 3.Calculated gas composition for a 50% N2/ 50% O- mixture, as a
function of the gas temperature at atmospheric pressure.

The variations in molar fractions of NO and NO, as a function of
temperature explain why the thermal NOy vyield and
corresponding energy efficiency both show a peak at a certain
temperature, as illustrated in figure 4. Our calculations predict
the highest thermal NOy yield of approximately 8 % at 3500 K.
The corresponding energy efficiency is then about 2.9 %. At
3000 K, a somewhat higher energy efficiency of nearly 4 % is
reached, but the NOy yield is then only 5.5 %. The reason that a
higher energy efficiency is reached at a somewhat lower
temperature is simply because a lower SEIl is needed, as is
obvious from the dashed curve in figure 4.

Figure 4. Calculated thermal NOx yield (solid black line, left y-axis) and
corresponding energy efficiency (solid red line, left y-axis), as well as the
corresponding specific energy input (dashed line, right y-axis), as a function of
gas temperature for a 50% N2 / 50% O mixture at atmospheric pressure. The
typical gas temperature range in our gliding arc is indicated with the blue
vertical dashed lines.

In figure 4, we also indicate the typical gas temperature range in
our gliding arc; see the blue vertical dashed lines. The thermal
NOy yield is only about 0.16 % at 1500 K, which is the highest
gas temperature in our gliding arc. Because only a limited
fraction (around 7.8 %; cf. Supporting information) of the total
gas flowing into the reactor during every gliding arc cycle is
processed by the effective gliding arc volume, the thermal NOy
yield of 0.16 % would correspond to an overall NOy yield of only

25 ppm,, which is a factor 320 lower than the value of nearly
8000 ppm, that we measured in our gliding arc (cf. figure 2(a)).
Furthermore, if all the gas flowing into the reactor would be
treated by the thermal process, an SEI of 1.4 kJ/L (or 0.35
eV/molec) would lead to an overall NOy yield around 1095 ppm,,
which is still much lower than our measured value. This low NOy
concentration obtained by the thermal process demonstrates
that most of the energy is spent on gas heating rather than on
nitrogen oxidation, and that our gliding arc clearly operates in
non-equilibrium conditions, explaining the much higher NOy yield.

Figure 5.Experimental and calculated energy consumption of NOx formation
as a function of the N2/O2 ratio in the mixture, for a gas flow rate of 2 L/min
and a SEI of 1.4 kJ/L (or 0.35 eV/molec), and comparison with the thermal
process at the same SEI value. Solid lines: without the energy cost of gas
preparation, dashed lines: with the energy cost of gas preparation. The energy
consumption of the Haber—Bosch (H-B) process is also presented for
comparison.

The experimental and calculated energy consumption per mole
of NOx formed with and without including the energy cost of gas
preparation is plotted in figure 5 as a function of the N2/O, ratio.
At low Ny/O; ratios, only considering the plasma energy
consumption, the energy required for NOy formation slightly
decreases with increasing N./O, ratio, up to a value of 37.1
MJ/mol at a N2/O; ratio of 1, after which the experimental value
remains constant, while the calculated value slightly increases
again upon higher N/O; ratios. This is logical because the N2/O-
ratio around 1 gives rise to the highest calculated NOy
concentration. As indicated in figure 5, the consumption of NOy
formation including the energy cost of gas preparation shows a
quite similar trend with the variations of the N2/O, ratios. The
influence of the energy cost of gas preparation on the total
energy consumption gradually decreased with an increasing N
content. This is because the pure oxygen flow rate and hence
the related energy cost of gas preparation decreases. With a
feeding ratio of 79% N./ 21% Oy, air as the only feed gas was
found to produce a slightly lower amount of NOy than the mixture
with the optimized N,/O; feed ratio of around 1.0 for which more
energy is needed to prepare the pure gas and this definitely
brings the cost benefits, i.e. a relatively lower total energy
consumption as indicated in figure 5.

The current industrial scale Haber-Bosch process provides a
benchmark of the energy consumption for plasma based N-
fixation processes. The energy requirement for the Haber—




Bosch process is much lower, i.e. 0.48 MJ/mol of N atoms.[66]
This value includes the energy consumption during the whole
industrial production process of ammonia using three main raw
materials: natural gas, air and water. Current comparison
indicates that plasma based N-fixation is not yet competitive with
the industrial H-B process, which operates of course on a much
larger scale. Hence, it is obvious that much more research is
needed to further improve the plasma based N-fixation process.
On the other hand, it is also clear from figure 5 that the gliding
arc requires about 10 times less energy than the thermal
process of NOy formation, calculated with the same energy input
of 1.4 kJ/L (or 0.35 eV/molec). Due to the high temperature
challenge in establishing thermal plasma discharge in gliding arc
reactors, it is difficult to validate our thermal NOy yield model by

direct comparison with the experiments under specific conditions.

However, literature experimental work[67]-71] via other thermal
plasma reactor which our thermal conversion model is
applicable generally brings a higher energy consumption of NOx
synthesis than our current work because the energy in a thermal
system is distributed over all degrees of freedom, including
those not effective for the NOy synthesis. This is in reasonable
agreement with the prediction of our thermal NOy yield model
although it is not easy to compare different reactor setups with
different discharge conditions.

Figure 6.Experimental and calculated energy efficiency of NOx formation as a
function of the N2/O; ratio in the mixture, for a gas flow rate of 2 L/min and a
SEI of 1.4 kJ/L (or 0.35 eV/molec), and comparison with the thermal energy
efficiency at the same SEI value. Solid lines: without the energy cost of gas
preparation, dashed lines:with the energy cost of gas preparation.

The fact that the energy efficiency of the gliding arc for NOx
synthesis is much better than that for the thermal process can
also be deduced from figure 6. Indeed, both the calculated and
measured energy efficiency with and without considering the
energy cost of gas preparation are around 0.5-1.7 %, whereas
the thermal energy efficiency calculated for the same SEI of 1.4
kJ/L is only about 0.2 %. Hence, this clearly demonstrates the
non-equilibrium character of the gliding arc for NOx synthesis,
i.e., the NOx synthesis does not proceed thermally, but upon
electron induced processes, contributing to energy efficient
chemical reactions, as will be explained below. Moreover,
including the energy cost related to the gas preparation, the
experimental energy efficiency using air shows the highest value

under different feed ratios although addition of oxygen to air
slightly enhanced the production of NO4 to some extent. This
once again shows a cheap and readily available atmospheric
pressure air is suited and preferred than pure N,+O, mixture.

Underlying mechanisms of NOx formation in the GA: energy
efficient process by vibrational excitation of N2

As mentioned above, the NOy formation in our gliding arc, as
well as in other types of plasmas, is induced by electron impact
reactions with the N> and O, molecules. In figure 7, we illustrate
how the electron energy is transferred to different channels of
excitation, ionization and dissociation of both N, and
O,molecules in a 50% N2 / 50% O, mixture, as a function of the
reduced electric field (E/n) in the discharge. This reduced
electric field is an important parameter to distinguish different
plasma types, as it determines the average electron energy in
the plasma, and thus the rate of the various electron impact
reactions. The electron energy values corresponding to the
reduced electric field values are thus also indicated in figure 7
(see top and bottom x-axes). A GA is typically characterized by
reduced electric field values between 5 and 100 Td (see the
vertical dashed lines in figure 7), while a dielectric barrier
discharge (DBD), which is a quite popular type of plasma for gas
conversion applications, typically operates at higher values than
100 Td.B" Note that 1 Td corresponds to 102" V m2.

It is known that the energy efficiency of NOx formation is
determined by the method to break the strong (~10 eV) bond of
the N, molecule. Above approximately 100 Td, as we can see
from figure 7, most electron energy goes into electronic
excitation, dissociation and ionisation of the N, (and Oy)
molecules. The N atoms produced by direct electron impact
dissociation of N, molecules can react with O, molecules to form
NO. However, due to the very high dissociation threshold level
of Ny, the energy efficiency in this case would be limited to a low
level of about 3 %.B" This explains why a DBD is characterized
by a lower energy efficiency, or a higher energy consumption for
NOx synthesis, as we will illustrate further in this paper. We can
describe this mechanism as follows,

e + No— Nx(a'Mg) , No(B3Mg), N2 (b'My) +e - e+ N+ N (1)
N + O,— NO + O, E, = 0.3 eV/molec, AH = -0.94 eV/molec (2)

On the other hand, in the reduced electric field range lower than
100 Td, which is characteristic for our gliding arc, electron
impact vibrational excitation of N, is the dominant electron
process, as is clear from figure 7, and the resulting N, molecules
in vibrational levels will be important for NO formation in our
case. Indeed, the relatively high energy barrier of the reaction
between N, molecules and O atoms to form NO, i.e., ca. 3 eV,
can be overcome by the vibrational energy of the N, molecules.
As a result, the so-called Zeldovich mechanism stimulated by
vibrational excitation,®"! will play the dominant role for producing
NO in our gliding arc, while the N formed in this process can
react with an O, molecule to form another NO:

O+ Ny(v)> NO+N,E;=AH=3eV/molec (3)




N+ O,— NO + O, E,=0.3 eV/molec, A H=-0.94 eV/molec (4)

This will be further elaborated in the next section.

Figure 7. Fraction of electron energy transferred to different channels of
excitation, as well as ionization and dissociation of N2 and Oz, in a 50% N2/
50% O2 mixture, as a function of the reduced electric field (E/n), as calculated
from the corresponding cross sections of the electron impact reactions. The
reactions with N2 are indicated with solid lines, while the corresponding
reactions with Oz are plotted with dashed lines. The electron energies
corresponding to the reduced electric field values are indicated at the top x-
axis. The region between the two dashed vertical lines, indicating a reduced
electric field between 5 and 100 Td, corresponds to the typical GA regime.

To demonstrate that the N, vibrational levels are indeed
important in our gliding arc, we plot in figure 8 the vibrational
distribution of N in the gliding arc at four different times, i.e. at 5
ps (corresponding to the beginning of the first pulse; see
supporting information for details), 15 ps, 25 ys and 35 ps (i.e. at
the end of the first pulse). At the time instant of 5 ps, mainly the
low vibrational levels are populated, due to electron excitation.
When time evolves, the fast vibrational-vibrational (VV)
relaxation, which is related to the vibrational energy exchange
among two molecules in the same mode of vibration, leads to
the establishment of a vibrational distribution where also the
high-energy levels are gradually more populated, as is clear
from figure 8. If the vibrational energy lost to translational
degrees of freedom (VT relaxation processes) and chemical
reactions would be neglected, the vibrational levels would show
a Treanor distribution, i.e. an exponentially parabolic distribution
function with a minimum value at intermediate vibrational levels
(72, However, when the chemical reactions of the vibrational
levels are taken into account, the highest vibrational levels can
overcome the reaction energy barrier. As a result, the
destruction rate of the high vibrational levels is very large and
the normalized vibrational distribution function shows a
decreasing function with a larger slope with rising vibrational
levels. By comparing the vibrational distribution functions
calculated in the gliding arc with the equilibrium thermal

distribution, calculated for a gas temperature of 1500 K, which is
also plotted in figure 8, it is very obvious that the gliding arc
discharge is highly vibrationally overpopulated throughout the
entire power deposition pulse (or discharge cycle), explaining
the important role of the N, vibrational levels in the NO formation
in our gliding arc (see also next section).

Figure 8. Normalized vibrational distribution function at different time instants
of the first discharge pulse for a 50% N2/ 50% Oz mixture. The thermal
distribution at the gas temperature of 1500 K is also presented for comparison.

Figure 9 illustrates the calculated vibrational temperature of N,
as a function of time during the entire gliding arc discharge stage.
It is defined as follows from the first vibrational level:

premredll )

To = pntny /o)

whereE,/kg = 3481 K is the energy of Nyv1 and n; and ng are
the densities of Nov1 and Nz ground state, respectively. kg is the
Boltzmann constant.

It is clear that the vibrational temperature peaks at the maximum
power deposition of one discharge pulse (see details in the
supporting information), and drops again with the decrease of
the power deposition. However, when the power drops to zero,
the vibrational temperature is still higher than the gas
temperature, because it cannot relax back to the gas
temperature in the limited timescale before the start of the next
power deposition pulse, when the vibrational temperature rises
again. The maximum vibrational temperature, however,
decreases with time, because both the power density and the
electron number density decrease (see figure Sbin the
supporting information), and the electron energy transfer to
vibrational energy by electron impact vibrational excitation is
thus reduced. Near the end of the arc discharge stage, the
vibrational temperature does not show a large variation during
and in between two discharge pulses, but the vibrational
temperature is still considerably higher than the gas temperature
(i.e., about 5000 K vs 1000 K), indicating that the vibrational
levels are overpopulated during the entire gliding arc cycle, and
thus that the gliding arc is far from thermal equilibrium. Our
calculated values of the vibrational temperature range from 4500
K to 8000 K, which is in general good agreement with
experimental investigations 7374l for a kilohertz AC air gliding
arc at atmospheric pressure.




Figure 9. Vibrational temperature of the first vibrational state of N2 as a
function of time in the gliding arc discharge for a 50% N2/ 50% O2 mixture.
The gas temperature is also presented for comparison.

It should be noted that not only the N, molecules but also the O,
molecules are vibrationally excited in the gliding arc. The latter
can also help to overcome the reaction energy barrier of the NO
formation process (see reaction 4 above). However, as we can
see from figure 7, the electron energy is more easily transferred
to the vibrational energy of the N, molecules in the typical range
of a gliding arc. Therefore, we only present here the results of
the N, vibrational levels. In the next section we will try to
elucidate the role of the various plasma chemical reactions and
plasma species, and especially of the vibrational levels, on the
actual NOy synthesis in our gliding arc reactor.

Formation and loss processes of NO and NO2

In order to better understand the influence of the N./O; feed ratio
on the NOy yield, we investigated the dominant reaction
pathways for the formation and loss of NO and NO, for several
N./O, feed ratios. This kinetic analysis was performed by looking
at the time and volume integrated rates of the various processes
for the total residence time of 5.0 ms (cf. figure S3in the
supporting information).

Table 1lists the most important formation (F1-F6) and loss (L1-
L5) processes for NO. In the supporting information(figure
S6)we plot their time and volume integrated rates as a function
of No/O; ratio, as well as the total formation and loss rate. As
explained in the supporting information, some formation
reactions are counteracted by some loss reactions. Hence, in
order to investigate the net contribution of the forward and
reverse reactions to the formation of NO, we plot in figure 10 the
time and volume integrated net rates of the various NO
formation processes as a function of N2/O, ratio, as well as the
total net formation rate.

Table 1. Overview of the most important formation and loss reactions for
NO.
Formation processes
F1 O+N,(v) >NO+ N
F2 0+NO, »NO+ 0,
F3 N+0,/0,(v) > NO+0
F4 N,0;+M - NO+ NO, +M

Loss processes
L1 N+NO-> O+ N,
L2 0+ NO - NO,
L3 NO+NO, +M - N,0; +M
L4 NO; +NO - NO, + NO,

F5 N+NO, - NO +NO
F6 NOj + NO, - NO3 + NO

L5 NOj +NO - NO* + NO,

Figure 10. Time and volume integrated net rates of the various NO formation
processes as a function of N2/O; ratio, for a SEI of 1.4 kJ/L (or 0.35 eV/molec),
as well as the total net formation rate.

Although the collision between oxygen atoms and NO, (i.e., 0 +
NO, - NO + 0,; F2) is the dominant formation mechanism of
NO at low N2/O; ratio, or high oxygen contents in the mixture, as
shown in figure S6 of the supporting information, the reactions
that proceed from NO, have an overall negative net contribution
to the NO formation, as is very obvious from figure 10 (see N6) .
This indicates that there is more formation of NO, from NO than
vice versa, and reaction F2 does not count as net formation
process of NO. In contrast, the rate of reaction F1 is 18 % higher
than the rate of its reverse reaction L1 at the N,/O; feed ratio of
1.0 (see figure S6), and thus, reaction F1 has a clear net
contribution to NO formation (see N1). From this analysis we
can therefore draw the following conclusion: the Zeldovich
mechanism stimulated by vibrational excitation, i.e., 0 + N,(v) -
NO + N (F1), is the dominant production process of NO in the
gliding arc, but the NO synthesis could be further enhanced if its
reverse reaction (L1) could be reduced. Additionally, the second
important formation process of NO is the reaction of N atoms
with O, molecules (either in ground state or vibrational levels)
(F3), so we should aim to steer the N atoms, formed in reaction
F1, to react with O, molecules in reaction F3, instead of reacting
with the NO molecules in the reverse reaction L1, in order to
optimize the NO synthesis.

Table 2 lists the most important formation (F1-F4) and loss (L1-
L6) processes for NO,.Their time integrated rates are plotted in
figure S7 of the supporting information, as a function of N2/O,
ratio, as well as the total formation and loss rate.

Table 2. Overview of the most important formation and loss reactions for
NOa.

Formation processes Loss processes

F1 0+NO - NO, L1 0+NO, - NO+ 0,

F2 N,0,+M - NO, + NO, + M L2 NO,+NO, +M - N,0, + M
F3 NO; + NO - NO, + NO, L3 NO, + NO, - NO; + NO

F4 N,0;+M - NO+ NO, +M L4 NO+NO,+M - N,0;+M

L5 N+ NO, - NO + NO
L6 N+ NO, » 0+ N,0




Figure 11. Time and volume integrated net rates of various NO2 formation
processes as a function of N2/O; ratio, for a SEI of 1.4 kJ/L (or 0.35 eV/molec),
as well as the total net formation rate.

Figure 11 shows the time and volume integrated net rates of the
various NO, formation processes as a function of N./O; ratio.
Although the reactions involving N2Og, i.e., F2 and L2, are the
dominant formation and loss mechanism of NO, at N./O, feed
ratio between 0.2 and 10, as shown in figure S7 of the
supporting information, their absolute reaction rates are nearly
balanced. Therefore, these reactions (combined as N3) have a
negligible net contribution to the formation of NO,. The same
applies to the reaction N4, involving N.Os; (F4 and L4). Our
calculations clearly indicate that the oxidation of NO via F1 is the
most important net formation process of NO; (N1).

Overall reaction scheme of the NOx chemistry

The data revealed by our 0D model allow us to compose an
overall reaction scheme for the NOy synthesis, as depicted
schematically in figure 12. The 9.8 eV strong triple bond of N3 is
mainly broken by vibrational excitation, followed by the reaction
of Na(v) with O atoms into NO and N (reaction 3 above).The N
atoms subsequently react with O, molecules to form a second
NO and a new O atom (reaction 4 above). The reaction chain is
closed when the new O atom reacts with the next vibrationally
excited N, molecule. Overall, NO is thus mainly produced by the
non-thermal Zeldovich mechanism stimulated by vibrational
excitation in the gliding arc. Indeed, the average electron energy
in the gliding arc is in the range of 0.6-4.0 eV, which results in
about 50-90 % electron energy transfer to N vibrational
excitation (see figure 7 above), while VV relaxation further
populates the higher N vibrational levels. The latter help to
overcome the high reaction energy barrier of the Zeldovich
reaction and promote the production of NO. Therefore, it is
crucial to tune the reduced electric field (E/n) in the gliding arc,
to establish an energy efficient way of NO production by the non-
equilibrium plasma.

Figure 12. Reaction scheme to illustrate the main pathways of the NOx
chemistry in the gliding arc as predicted by our model. The thickness of the
arrows corresponds to the importance of the reactions for a 50% N2/ 50% O
mixture. For instance, the thickness of the arrow from Nz(v) to NO corresponds
to a time and volume integrated rate of 1.37x10"7.N2(E) indicates the sum of all
the electronically excited N2 molecules.

Our simulations indicate that for a total gliding arc cycle, a local
NOy concentration as high as 20 % can be reached within the
gliding arc volume. A large fraction of the produced NO is,
however, readily destroyed upon impact with N atoms in the
active plasma zone (see also figure 12). By artificially setting the
reaction rate of L1: N+NO—O+N, as zero, our calculation brings
a much higher NO vyield of 24588ppm, with a N2/O, feed ratio of
1, which is around 5 times of the yield obtained in fig.1 by taking
into account this reaction. This clearly shows that suppressing
the loss processes of L1 will enhance the NOy yield and hence
the overall energy efficiency. The reverse reaction (N + NO —
0 + N,) indeed competes with the propagation(N + 0,/0,(v) =
NO + 0) of the Zeldovich chain, and it is able to terminate the
chain when the NO concentration becomes high in the active
discharge zone. This seriously restricts the yield of NO synthesis
in our gliding arc. As a result, we should look for ways of
suppressing the reverse reaction ( N+ NO—-O+N, ) or
promoting the reaction N+ 0,/0,(v) > NO+ 0O, in order to
increase the NO yield and hence improve the energy efficiency.
For example, at a fixed SEI, by increasing the gas flow rate, the
gas velocity becomes larger than the arc velocity and a larger
amount of feed gas will be exposed to the plasma. The local NO
concentration inside the arc would then decrease, but the overall
NO vyield and hence the energy efficiency would rise. Our
experimental results for the NOx concentration versus SEI
indeed show that higher flow rates can produce higher NOy
concentrations at a fixed SEI. This shows the high potential of
the gliding arc discharge for NOy production at higher flow rates.

The promotion of the reaction N + 0,/0,(v) - NO+ O can be
reached when making use of hot N atoms. Indeed, the
vibrational energy of Nx(v) is higher than the activation energy of
the reaction O + N,(v) - NO+ N (i.e., 3.0 eV) for vibrational
levels above v12, which corresponds to a vibrational energy of
3.2 eV. Thus, a fraction of the vibrational energy released goes
into translational energy of the N atoms (so-called hot N atoms)
and assists in the reaction N+ 0,/0,(v) > NO+0 , by
increasing the rate coefficient of this reaction, and therefore, the




NO vyield can be enhanced. It is shown in literature 7% that
increasing the oxygen content in the mixture can help to
enhance this effect and promote the reaction N+ 0,/0,(v) -
NO + 0.

Our reaction scheme also shows that NO, is mainly formed by
oxidation of NO upon reaction with O atoms, while it mainly
reacts back into NO upon reaction with either O or N atoms, at
high or low oxygen contents, respectively. The main channel
responsible for the formation of O atoms, which are important to
initiate the Zeldovich mechanism via O + N,(v) - NO+ N, is
electron impact dissociation of O, molecules.

Because the N atoms are lost rapidly via the reactionN + NO —
0+ N,, as well as by reactions with NO,, our calculations
indicate that the overall N concentration is never more than
0.1 %. For this reason, N,O, which is mainly produced upon
reaction between N atoms and NO; (reaction L6 in Table 2), has
only a minor concentration in the whole gliding arc cycle
compared with NO and NO,. This is in qualitative agreement
with our experiments, since no N,O was detected.

As mentioned above, the industrial scale Haber—Bosch process
still has a lower energy consumption, i.e. 0.48 MJ/mol N, so it is
clear that major efforts should be taken gliding arc plasma-
based N-fixation to further increase the yield and decrease the
energy consumption, in order to become competitive with the
industrial scale H-B process. Computer simulations, as
presented here, can help to improve the process, as they
elucidate the limiting factors for energy-efficient NOx synthesis,
and thus they can help to provide solutions to overcome these
limitations.

On the other hand, it is important to realize that more and more
electrical energy nowadays is produced from renewable energy
sources (wind or solar), and this trend will continue in the
coming years. As renewable energy sources often suffer from
fluctuating peak powers (e.g., on windy or sunny days) when the
electricity is in principle “for free”, our high frequency pulsed
gliding arc plasma can be very useful for peak shaving, as it is
very flexible and can be switched on and off easily, so we expect
that it will be very suitable for N-fixation by NOy synthesis using
renewable energy. Furthermore, as an instantaneous “on-and-
off” technique, the gliding arc based nitrogen fixation can be
stopped and started more easily than the Haber-Bosch process,
making it possible for farmers in remote locations to locally
generate the necessary nitrogenous fertilizers out of “thin air”
just using small scale plants. This application of gliding arc
technology is very promising, especially in regions where there
exist a wealth of under-used wind and solar resources, which
offer farmers a new source of revenue from their land — a
renewable alternative to conventional nitrogenous fertilizers that
is compatible with growing crops because of its high operation
flexibility.

Conclusions
The purpose of this work was to obtain a better understanding of

the N-fixation process via NOy synthesis in a gliding arc plasma,
by means of combined experiments and a zero-dimensional

kinetics model. We compared our experimental data with the
model predictions and obtained reasonable agreement for the
NO, NO,, and total NOy yield, the NO and NO. selectivity, the
energy consumption and energy efficiency, for the entire range
of N./O, feed ratios in the mixture. This indicates that our model
can provide a realistic picture of the plasma chemistry and can
be used to elucidate the dominant reaction pathways for the NOy
synthesis.

Our study clearly reveals that vibrational excitation of N2 can
help to overcome the reaction energy barrier of the non-thermal
Zeldovich  mechanism: 0+ N,(v) = NO+ N ,and can thus
significantly enhance the production of NO. This provides an
energy efficient pathway for NO formation in the gliding arc.
Furthermore, our simulation shows that the most important
reaction for NO, formation is oxidation of NO by O atoms:0 +
NO - NO,.

We also compared our results with those of thermal NOy
synthesis, as well as with results of other types of plasmas. The
NOy yield and energy efficiency obtained in our gliding arc are
much higher than the thermal values, due to the non-equilibrium
properties of the plasma, as the chemistry of the conversion
process is induced by energetic electrons. When compared to
other types of plasmas, we can conclude that the gliding arc is a
very promising candidate for potential industrial scale N-fixation,
but the energy consumption achieved in this study is still much
higher than the benchmark, i.e., the industrial Haber-Bosch
process. Therefore, it is clear that the NOy synthesis in the
gliding arc should be further improved, e.g., by operating at
conditions where the reverse reaction N+ NO -0+ N, is
suppressed or where the reaction N+ 0,/0,(v) - NO+O is
promoted, as our simulations indicate that these processes
currently limit the NOx formation.

In general we can conclude that our model allows us to gain
better insights into the entire process of NOy formation, which
enables us to propose solutions for improving the gliding arc
based NOy synthesis processes in the future. One example
could be to actively tune the reduced electric field (i.e.,E/nratio)
by optimizing the reactor electrical operational parameters, to
promote the vibrational excitation and selectively deliver energy
to the Zeldovich chemical reaction of NO synthesis via an
energy efficient way. Another example could be to improve the
reactor geometry and optimize the flow conditions to expose the
maximum amount of feed gas to the gliding arc.

Furthermore, Compared with the world-scale business case
Haber-Bosch (which plasma will not replace at present stage),if
electricity from sustainable energy sources is used, the intrinsic
potential of gliding arc based nitrogen fixation processes
promises an promising opportunity of producing fertilizer in
remote locations. This comes up with realistic scenarios of
entering a cutting-edge innovation in new business cases of
plasma agriculture.

With the addition of water, an electric discharge in humid air
produces reactive species and presents highly acid and
oxidizing properties towards aqueous solutes.Error! Reference
source not found. Besides the production of nitrogen fertilizers
via the production of nitrate, these chemical effects which result
from the plasma processing of aqueous solutes depend on the
involved active particles and their population and properties in




the plasma gas, can also be used for various practical
applications, for example, the removal of major pollutants from
waste waters.”l However, the interaction mechanism of water
vapour with air (N2/O2) is not yet precisely clarified. Our current
work shows the NOy formation by the dehumidified air gliding arc
strongly depends on the composition of the feeding gas, where
the nature of the interactions, such as vibrational molecular
excitation between the constituents, are very important.
Therefore, identifying the role of different species especially their
excited states and clarifying the underlying chemistry under
different humidity contents will help propose solutions on how to
enhance nitrate formation and improve the applied work via
humid air gliding arc. We will devote much attention to this issue
in our future work.

Experimental Section
Experimental studies

The experiments were carried out at atmospheric pressure in a milli-scale
gliding arc reactor. This is a two-dimensional flat reactor in which the gas
flow enters through a nozzle at the bottom of the reactor (see figure
13(a)). The reactor consists of two thin diverging knife-shaped
molybdenum electrodes with thickness of 1.0 mm and height of 195 mm.
The width of the reactor is 135 mm with narrowest discharge gap of 1.3
mm. A schematic diagram of the experimental set-up with milli-scale
gliding arc reactor is also shown in figure 13(b). One of the electrodes is

connected to the high voltage source and the other electrode is grounded.

The reactor is powered by a customized Xenionik EP 4000 AC power
supply. The applied high voltage and current are measured by a high
voltage probe (Tektronix P6015A) and a current sense resistor of 5 Q,
respectively. All electrical signals are recorded using a USB powered four
channel PC Oscilloscope (PicoScope R 3000).

Air and O2 (Linde Gas, 99.9 %) were fed into the reactor using mass flow
controllers (Bronkhorst) and no preheating of the gas occurred. The
products were analysed using a Fourier Transform Infrared
Spectrophotometer (SHIMADZU, IRTracer-100) at a resolution of 0.5
cm™ and the gas cell is equipped with CaF2 windows (Specac, Storm
Series). NO and NO: were the only products detected and their
concentrations were determined from the adsorption bands at 1900 cm-"
and 1630 cm™, respectively, using a series of calibration gas mixtures.
The reported NO and NO: selectivity was calculated using Eq. 6:

NO concentration

NO selectivity =

concentration of (NO+NO3)

NO3 concentration (6)
concentration of (NO+NO3)

NO, selectivity =

The arc dynamics in the plasma reactor is obtained using high speed
imaging. This helps us to compute the gliding arc (GA) lifetime, GA
velocity, GA propagation height and GA processing time, all of which are
used as input in the model (see the supporting information).

The performance of the milli-scale gliding arc reactor was investigated at
a constant flow rate of 2 L/min, pulse width (25 ps) and amplitude (70
Vpk—pk), and by varying the feed ratio of Air/O2, yielding N2/O2 ratios of
0.25—4.All the experiments were performed 4 times and averages of at
least 100 V-l cycles were used to obtain the final power consumption
value. The influence of different flow rates, pulse widths and amplitudes
on the NOx yields was investigated in previous workl®land is beyond the
scope of our current work. We tested that Air+O2 and N2+O: feed gas
mixtures with the same ratio of N2/O2 gave very similar concentrations of
NOx as well as selectivity towards NO, indicating that the minor

components in air, such as argon and carbon dioxide, have limited
influence on the NOx(i.e., NO + NO2) yield. Therefore, for simplicity, we
assume the air is composed of N2/O2 = 79:21 in our simulation
mentioned below.

™ Product to
scrubbing section

FTIR

Gliding Arc Reactor

MFC

HV

Signal generator

Oxygen

R 4 channel USB
oscilloscope

(b)

Figure 13. Reactor geometry (a) and schematic diagram of the experimental
set-up (b)

The total plasma power (Ppiasma), specific energy input (SEI), and energy
consumption per mole of NOx are defined by Egs. (7)—(9), respectively.

t=tpulse

Pplasma(W) = ffo VGA X IGAdt (7)

_PplasmaW)=60 (s/min)
Gas Feed Flow rate (L/min)

Specific Energy Input (SE[; J/L) = (8)

] ) _ Pplasma(W)+pgp(W) / )
mole

Energy Consumption ( - Moles of NOxProduced per second(male/s)\

Where tpuse is the time span of a pulse (s) and f is the frequency of the
pulses (Hz). Pgpis the power consumption used to prepare the pure
oxygen gas via air separation.

)xﬂxygen specfic power for air separation(w)

Oxygen Flow rate ( L T

min.

Pgp(W) = (10)

60 (s/min)
Where oxygen specific power for air separation is the power consumption
needed to produce per standard litre oxygen gas and a value of 0.28
kW/L based on the Ref [78] is used here.

Likewise, the energy efficiency, n, is calculated as:

Hno, (J/mole)xMolesofNOxProducedpersecond(mole/s) (11
Pplasma(W)+Pgp(W) \

n(%) =

)

Where Hy,, is the standard formation enthalpy of 1 mole NOx which is
evaluated by equation (12),

Hyo, = Hyo * Sno + Hyoz * Sno2(12)

Where Hy, and Hyo, is the standard formation enthalpy of 1 mole




NO(90.3 kdJ/mol) and NO2 (33.1 kJ/mol), respectively, and Sy, and Sy, is
the selectivity of formed NO and NOz in the NOx products.

Table 5. Major neutral reactions included in the model. The rate coefficients
are in [cm®.s™"] or in [cm®.s7"] for the two-body and three-body reactions,
respectively. Gas temperature Tq is in K.

Reaction Rate coefficient Ref.
0+N, >NO+ N 3.0 x 107exp(—38370/T,) [61]
0+NO, > NO+0, 6.51x 10 12exp(120.03/T,) [81]
N+NO- O0+N, 8.20 X 10~ exp(—410.03/T,) [82]
0+ NO - NO, 3.02 x 10~ exp(T,/298.0)°75 [81]
N+0,>NO+0 4.47 x 10712(T,/300)exp(—3270.0/T,) [83]
NO; + NO 1.70 x 10711 [64]
- NO, + NO,

N+NO, » NO+NO 2.30x 10712 [64]
N+NO, > 0+N,0 1.40x 10712 [82]
NO, + NO, 4.5 x 10™1%exp(—18500.0/T,) [61]
- NO; + NO

Computational studies
0D chemical kinetics model

In order to elucidate the underlying mechanisms of the gliding arc
assisted NOx synthesis in the above mentioned experimental setup, we
developed a OD plasma chemistry model, which allows to describe the
behavior of a large number of species, and incorporate a large number of
chemical reactions, with limited computational effort.

The zero-dimensional (0D) chemical kinetics model is based on solving
balance equations for all the species densities, based on production and
loss rates, as defined by the chemical reactions:

dan; @ ® ’18)

e % {(aij — a4 Y T, } (13)

where aj(") and a;® are the stoichiometric coefficients of species i, at
the left and right hand side of a reaction j, respectively, n| is the
species density at the left-hand side of the reaction, and k; is the rate
coefficient of reaction j. Transport processes such as diffusion are
not considered; hence, the species densities are assumed to be
constant in the entire simulation volume but they change with time.
Nevertheless, this 0D model allows to describe the spatial
dependence of the NOx synthesis in the GA reactor, as explained in
the supporting information.

The solution of the ordinary differential Egs. (13)for the various plasma
species is coupled with the Boltzmann equation, which is solved for the
electron energy distribution function (EEDF). We use an existing code
ZDPlaskKinl™, which features an interface for the description of the
plasma species and reactions, a solver for the set of differential Eqgs.(13),
and an integrated Boltzmann equation solver BOLSIG+.[80

Plasma chemistry included in the model

The species taken into account in our model for the N2/O2 mixture are
listed in Table 4. These species include various neutral molecules in the
ground state, as well as several electronically and vibrationally excited
levels, various radicals, positive and negative ions, and the electrons.

We pay special attention to the electronically and vibrationally excited
states of N2and Oz, because they may become important under certain
conditions. The detailed notations of the N2 electronically excited levels

are given in the table, while the vibrational levels of both N2 and O2 are
indicated with (V). 15 vibrational levels are taken into account for O,
while for N2, 25 vibrationally excited levels are included. The populations
of the higher levels are negligible, as was demonstrated in figure 8.

All these species undergo a large number of chemical reactions, i.e.,
electron impact collisions with neutral species, leading to excitation,
jonization, dissociation and electron attachment, electron-ion
recombination reactions, as well as many heavy-particle chemical
reactions (i.e., ion-ion, ion-neutral and neutral-neutral reactions).

The chemistry set used in this model is mostly based on the models
recently developed within our group, and validated for a microwave
discharge “9and a DBD discharge ©®%in a CO2/N2 mixture. The
corresponding rate coefficients, and the references where these data
were adopted from, are listed in the supporting information of the
previous work [49]. Some adjustments to the major neutral reactions
involving NOx were made and their corresponding rate constants are
listed in Table 5. The first and fifth reaction do not only apply to N2 and
O2 molecules in the ground state, respectively, but also to vibrational
levels, with the rate coefficients adapted, as elaborated in the supporting
information.

Because the vibrational energy can help overcome the activation energy
barrier of the reaction and thus increase the reaction rate constant, we
present in the supporting information in detail the reactions of the
vibrational levels, i.e. electron impact excitation, vibrational energy
exchange (VT and VV relaxation) reactions and chemical reactions (see
section 1: Treatment of the vibrational level in the supporting information).
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