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Nitrogen Fixation by Gliding Arc Plasma: Better Insight by
Chemical Kinetics Modelling

What prompted you to investigate this topic/problem?
Considering the increasing demand of fertilizers as well as the

high-energy intensity and environmental concerns triggered

by industrial nitrogen fixation (i.e. , the Haber–Bosch process),
there is an urgent need to develop and integrate more sustain-

able processes of nitrogen fixation. Gliding arc plasma-based
nitric oxide synthesis offers unique perspectives for this pur-

pose, but the underlying mechanisms are clearly not yet un-
derstood. Hence, we wanted to elucidate the plasma chemistry

by a combination of experiments and computations, to pro-

vide the necessary insights for gliding arc plasma-based nitro-
gen fixation. Our work also allows us to propose possible solu-

tions on how to further improve the performance of gliding
arc plasma technology.

What is the most significant result of this study?
Our results clearly reveal that vibrational excitation of N2 can
help to overcome the reaction energy barrier of the non-ther-
mal Zeldovich mechanism O + N2(V)!NO + N and can thus sig-
nificantly enhance the nitric oxide synthesis in the gliding arc
plasma. This provides an energy efficient pathway for nitrogen
fixation using air as raw material.

What future opportunities do you see (in the light of the
results presented in this paper)?
If electricity from sustainable energy sources (wind and solar)
is used, the intrinsic potential of gliding arc plasma-based ni-

trogen fixation can provide a promising opportunity for pro-

ducing nitrogenous fertilizer in remote locations by just using
small-scale plants, which offer farmers a new source of revenue

from their land. This helps to come up with realistic scenarios
of entering a cutting-edge innovation in new business cases of

plasma agriculture, in which low-temperature plasma technolo-
gy might play an important role.
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Very Important Paper

Nitrogen Fixation by Gliding Arc Plasma: Better Insight by
Chemical Kinetics Modelling
Weizong Wang,*[a] Bhaskar Patil,[b] Stjin Heijkers,[a] Volker Hessel,[b] and Annemie Bogaerts*[a]

Introduction

Nitrogen is an essential component for all forms of life because

it is required to biosynthesise 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 air is composed of molecular nitrogen (N2). Howev-
er, this most abundant nitrogen source is not available to the

majority of living organisms because it is extremely difficult to
break its triple bond and very stable electronic configuration,
which makes almost any first reaction step of the conversion
very energy demanding. As a result, nitrogen fixation (NF),

which converts nitrogen molecules into simple nitrogen com-
pounds, 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.[1]

The conventional Haber–Bosch (H–B) process of the binding

of nitrogen with hydrogen to produce ammonia at high pres-
sure and temperature is the most significant process to pro-

duce fertilisers.[2] It is expected that the global ammonia ca-
pacity will increase from 204.2 million tons per year in 2013 to
249.4 million tons by 2018.[3] Hence, the amount of synthetic

nitrogen obtained by human activities has exceeded natural
biological fixation.[4] From an energy point of view, industrial
ammonia synthesis is the most energy intensive chemical pro-
cess. The H–B process consumes 1–2 % of the world’s total

energy production and utilises 2–3 % of the total natural gas
output. Furthermore, it emits more than 300 million metric

tons of carbon dioxide.[5, 6]

Considering the increasing demand of fertilisers, the high
energy intensity and environmental concerns triggered by in-

dustrial NF (i.e. , the H–B process), the need to develop and in-
tegrate more sustainable processes becomes imperative.[7, 8]

Several alternative (non-conventional) technologies are being
investigated, such as biological NF,[9, 10] and NF with metallo-

complex homogeneous catalysts under ambient pressure.[11]

Another new technology considered to have great potential
for reducing the environmental impact and improving the

energy efficiency is based on plasma, that is, an ionised gas,
typically created by applying electric energy. Especially when

sustainable energy sources such as wind and solar cells are uti-
lised for the generation of electricity, the dependence on fossil

The conversion of atmospheric nitrogen into valuable com-
pounds, that is, so-called nitrogen fixation, is gaining increased

interest, owing to the essential role in the nitrogen cycle of

the biosphere. Plasma technology, and more specifically glid-
ing arc plasma, has great potential in this area, but little is

known about the underlying mechanisms. Therefore, we devel-
oped a detailed chemical kinetics model for a pulsed-power

gliding-arc reactor operating at atmospheric pressure for nitro-
gen oxide synthesis. Experiments are performed to validate the

model and reasonable agreement is reached between the cal-

culated and measured NO and NO2 yields and the correspond-
ing energy efficiency for NOx formation for different N2/O2

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
NOx. The results indicate that vibrational excitation of N2 in the

gliding arc contributes significantly to activating the N2 mole-

cules, and leads to an energy efficient way of NOx production,
compared to the thermal process. Based on the underlying

chemistry, the model allows us to propose solutions on how to
further improve the NOx formation by gliding arc technology.
Although the energy efficiency of the gliding-arc-based nitro-
gen fixation process at the present stage is not comparable to
the world-scale Haber–Bosch process, we believe our study

helps us to come up with more realistic scenarios of entering
a cutting-edge innovation in new business cases for the decen-

tralised production of fertilisers for agriculture, in which low-
temperature plasma technology might play an important role.
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fuels during this industrial process is greatly reduced and no
greenhouse gas emissions take place. This makes plasma an in-

herent “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.[1] For plasma-

based ammonia synthesis, expensive hydrogen is required in
addition to readily available nitrogen. In contrast, for plasma-
based nitric oxide synthesis, the raw materials (air) are abun-

dantly available at low cost. As a result, more research devoted
to the plasma-based nitric oxide synthesis can be found in the

literature.[12–16] 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-ther-
mal plasma, on the other hand, is very promising because the

theoretical limit of the energy consumption of nitrogen oxida-

tion is more than 2.5 times lower than that of the H–B pro-
cess.[16] Thus, atmospheric non-thermal plasmas offer unique

perspectives because of their capacity to induce chemical reac-
tions within gases with a limited energy cost at ambient pres-

sure and temperature.
Gliding arc plasmas are among the most effective and prom-

ising plasmas for gas conversion[17–30] because they offer bene-

fits of both thermal and non-thermal discharges. They are typi-
cally considered as “warm” discharges, and vibrational excita-

tion of the molecules is seen as the most efficient way to assist
the conversion or synthesis.[31] A few studies were reported on

employing a gliding-arc reactor for NF.[32–38] The highest con-
centration of NOx achieved was found to be 1.0 % in a milli-

scale gliding-arc reactor.[37] In this reactor, one can expect to

benefit from an intensified contact of the reactive plasma spe-
cies with the gas molecules, and therefore a higher efficiency

in delivering energy to the reactant gases.
To improve the applications (i.e. , mainly gas conversion), the

physical and chemical characteristics of the gliding arc have
been extensively studied experimentally.[39–44] Furthermore,

computer modelling of the plasma chemistry and reactor

design[45–59] is also very useful in providing more insight into
the underlying reaction mechanisms of plasma-assisted gas
conversion or synthesis, for example, by evaluating quantities
that are difficult to measure, and by identifying the most im-

portant chemical reactions or parameters.[45–51] However, only
a few papers in literature deal with modelling of a gliding

arc.[52–59] To our knowledge, there exist no models yet for NOx

synthesis in a gliding arc.
Previous theoretical analysis revealed that vibrationally excit-

ed nitrogen plays an important role in energy efficient NO for-
mation,[16, 38] but these studies lack a description of the plasma

chemistry. For N2/O2 mixtures, several papers presented kinetic
models with a complex description of the vibrational and elec-

tronic levels,[60–64] but these models do not apply to a gliding-

arc reactor. As a result, the various mechanisms that contribute
to NOx production in a gliding arc are not yet completely un-

derstood. This may be because a gliding arc is a non-stationary
discharge and its effective volume changes due to the arc

elongation caused by the gas blast. Therefore, building an ac-

curate model for such a non-uniform reactor with a complex
plasma chemistry is very challenging.

Herein, for the first time, we study the NOx synthesis in
a pulsed-power gliding-arc reactor by a chemical kinetics

model. Experiments are performed to benchmark the model.
More specifically, we compare the calculated and measured

product yields of various NOx compounds, the reaction selec-
tivity and energy efficiency for different feed ratios of N2/O2.
Moreover, by comparing these values with those for the pure

thermal process, in which 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 NOx yield

and energy efficiency. Furthermore, to increase our general un-
derstanding 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 N2 vibrational states, in the NOx 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 NO2 concentrations are
plotted as a function of N2/O2 ratio in the gas mixture in Fig-

ure 1 a, b. The total NOx concentration (i.e. , sum of NO + NO2)

and the NO and NO2 selectivity are presented in Figure 2 a, b.
Note that the experiments are limited to a N2/O2 ratio in the

range of 0.25–4, whereas the simulations are performed in
a wider range of 0.025–40 to obtain additional information.

The concentrations of NO and NO2 follow a similar parabolic
trend upon varying the N2/O2 ratio, and there is an optimum

feed ratio at which the maximum yield is reached. This is logi-

cal, because both N2 and O2 are the (initial) precursors for NO
and NO2. In the experiment, the concentration of NO increases

until a feed ratio of 3 after which the NO concentration starts
to decline. The NO2 concentration reaches its peak at a feed

ratio of 1. The calculated results follow a left-skewed trend for
both NO and NO2, as well as for their sum, with respect to the
experimental values. However, the absolute values of the cal-
culated and measured concentrations are in rather good

agreement, certainly in view of the complexity of the plasma
chemistry.

At a feed ratio of N2/O2 around 1, both the NO and NO2 se-

lectivity are close to 50 %, but at a higher feed ratio, both the
experimental and calculated NO selectivity increase, whereas

the NO2 selectivity shows the opposite trend. This is logical,
because NO2 production by NO oxidation becomes less impor-

tant upon increasing fraction of N2. When the feed ratio of N2/

O2 is below 1, the NO selectivity again increases slightly, and
the calculated value reaches about 60 % at a low N2/O2 ratio

around 0.02, whereas the calculated NO2 selectivity is only
40 %. This is because the net formation rate of NO2 decreases

more than that of NO with increasing O2 fraction. In general,
we can conclude that reasonable agreement is obtained be-
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tween 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 un-
derlying mechanisms, as will be shown later.

Comparison of our results with thermal NOx formation and
with the H–B process

To evaluate the performance of our gliding arc for NF, we com-
pare our results with the thermal NOx yield, calculated as

a function of gas temperature (see the calculation method in
the Supporting Information). The NOx yield calculated by the
thermal model is based on the chemical equilibrium composi-

tion, which is calculated by finding the composition that mini-
mises the Gibbs free energy. It is a standard technique in equi-

librium chemistry and widely used in literature owing to the
difficulties in performing experiments at such high tempera-
ture.[65, 66]

Figure 3 shows the calculated equilibrium species composi-

tion of a 50 % N2/50 % O2 mixture, as a function of the gas

temperature at atmospheric pressure. At room temperature,
the thermal NOx (i.e. , NO + NO2) 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 NO2 increase. The selectivity of NO is higher than that of
NO2 owing to the dissociation of NO2 into NO and O at higher

temperature. The concentration of NO reaches a peak at

around 3500 K. A further temperature increase yields a reduc-
tion of the NO yield, because of dissociation of NO into N and

O atoms.

The variations in molar fractions of NO and NO2 as a function
of temperature explain why the thermal NOx yield and corre-

sponding energy efficiency both show a peak at a certain tem-

perature, as illustrated in Figure 4. Our calculations predict the
highest thermal NOx 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 NOx yield is then only 5.5 %. The reason for reaching
a higher energy efficiency at a somewhat lower temperature is

Figure 1. Experimental and calculated concentrations of NO (a) and NO2 (b)
as a function of the N2/O2 ratio in the feed gas, for a gas flow rate of
2 L min@1 and a SEI of 1.4 kJ L@1 (or 0.35 eV molec@1).

Figure 2. Experimental and calculated concentrations of NOx (taken as
NO + NO2) (a) and NO and NO2 selectivity (b) as a function of the N2/O2 ratio
in the feed gas, for a gas flow rate of 2 L min@1 and a SEI of 1.4 kJ L@1 (or
0.35 eV molec@1).

Figure 3. Calculated gas composition for a 50 % N2/50 % O2 mixture, as
a function of the gas temperature at atmospheric pressure.
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simply because a lower specific energy input (SEI) is needed,

as seen from the dashed curve in In Figure 4; we also indicate
the typical gas temperature range in our gliding arc (see the

blue vertical dashed lines). The thermal NOx 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 reac-
tor during every gliding-arc cycle is processed by the effective

gliding-arc volume (v), the thermal NOx yield of 0.16 % would
correspond to an overall NOx yield of only 25 ppmv, which is

a factor 320 lower than the value of nearly 8000 ppmv 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 ther-

mal process, an SEI of 1.4 kJ L@1 (or 0.35 eV molec@1) would lead
to an overall NOx yield around 1095 ppmv, which is still much

lower than our measured value. This low NOx concentration
obtained by the thermal process demonstrates that most of
the energy is spent on gas heating rather than on nitrogen ox-

idation, and that our gliding arc clearly operates in non-equi-
librium conditions, explaining the much higher NOx yield ob-

tained compared to the thermal process.
The experimental and calculated energy consumption per

mole of NOx formed obtained with and without including the
energy cost of gas preparation (i.e. , air separation) is plotted in

Figure 5 as a function of the N2/O2 ratio. At low N2/O2 ratios,
only considering the plasma energy consumption, the energy
required for NOx formation slightly decreases with increasing

N2/O2 ratio, up to a value of 37.1 MJ mol@1 at a N2/O2 ratio of 1,
after which the experimental value remains constant, whereas

the calculated value slightly increases again upon higher N2/O2

ratios. This is logical because the N2/O2 ratio around 1 gives

rise to the highest calculated NOx concentration. We have also

included in Figure 5 the power consumption of NOx formation,
accounting for the energy cost of gas preparation (i.e. , air sep-

aration), in case of a N2/O2 ratio different from air, and the re-
sults show a quite similar trend with variation of the N2/O2

ratio. The influence of the energy cost of gas preparation on
the total energy consumption gradually decreases with in-

creasing N2 content. This is because the pure oxygen flow rate

and hence the related energy cost of gas preparation decreas-

es. With a feed ratio of 79 % N2/21 % O2, air as the only feed
gas was found to produce a slightly lower amount of NOx than

the mixture with the optimised N2/O2 feed ratio of around 1.0,
for which more energy is needed to prepare pure O2 gas and

this is definitely beneficial for the costs, yielding a lower total
energy consumption, as indicated in Figure 5.

The current industrial-scale H–B process provides a bench-

mark for the energy consumption for plasma-based NF pro-
cesses. The energy requirement for the H–B process is much

lower, that is, 0.48 MJ mol@1 of N atoms.[67] This value includes
the energy consumption during the whole industrial produc-

tion process of ammonia using three main raw materials: natu-
ral gas, air and water. The current comparison indicates that
plasma-based NF 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 fur-
ther improve the plasma-based NF 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 NOx forma-
tion, calculated with the same energy input of 1.4 kJ L@1 (or

0.35 eV molec@1). As the high temperature makes it very chal-

lenging to establish a thermal plasma in our gliding-arc reac-
tor, it is difficult to validate our thermal conversion model by

direct comparison under specific conditions. However, experi-
mental work in the literature,[68–72] performed in other thermal

plasma reactors to which our thermal conversion model is ap-
plicable, generally yield a higher energy consumption of NOx

synthesis than in our current work, because the energy in

a thermal system is distributed over all degrees of freedom, in-
cluding those not effective for the NOx synthesis. This is in rea-

sonable agreement with the prediction of our thermal model,
although it is not really possible to compare different reactor

setups with different discharge conditions.

Figure 4. Calculated thermal NOx yield (solid black line, left y axis) and corre-
sponding energy efficiency (solid red line, left y axis), as well as the corre-
sponding specific energy input (dashed line, right y axis), as a function of
gas temperature for a 50 % N2/50 % O2 mixture at atmospheric pressure. The
typical gas temperature range in our gliding arc (GA) is indicated with the
blue vertical dashed lines.

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@1 and a SEI of 1.4 kJ L@1 (or 0.35 eV molec@1), and comparison with
the thermal process at the same SEI value. The solid and dashed (black and
red) lines indicate without and with energy cost of air separation, respective-
ly. The energy consumption of the H–B process is also presented for
comparison.
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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 (i.e. , air separation), are

around 0.5–1.7 %, whereas the thermal energy efficiency calcu-
lated for the same SEI of 1.4 kJ L@1 is only about 0.2 %. Hence,

this clearly demonstrates the non-equilibrium character of the

gliding arc for NOx synthesis, that is, the NOx synthesis does
not proceed thermally but upon electron-induced processes,

contributing to energy efficient chemical reactions, as will be
explained below. Moreover, when including the energy cost re-

lated to the gas preparation (i.e. , producing pure O2 gas from
air), the experimental energy efficiency using air (i.e. , N2/O2

ratio of 79 %:21 %) shows the highest value of all different feed

ratios, although the addition of oxygen to air slightly enhances
the production of NOx to some extent. This once again shows

that inexpensive and readily available atmospheric pressure air
is suited and preferred instead of an artificial N2 + O2 mixture.

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

As mentioned above, the NOx formation in our gliding arc, as

well as in other types of plasmas, is induced by electron
impact reactions with the N2 and O2 molecules. In Figure 7, we

illustrate how the electron energy is transferred to different
channels of excitation, ionization and dissociation of both N2

and O2 molecules in a 50 % N2/50 % O2 mixture, as a function

of the reduced electric field (E/N, where E is electric field and N
is concentration of neutral particles) in the discharge. This re-

duced 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 gliding arc is typically
characterised by reduced electric field values between 5 and

100 Td (see the vertical dashed lines in Figure 7), whereas a die-
lectric barrier discharge (DBD), which is a quite popular type of

plasma for gas conversion applications, typically operates at
values higher than 100 Td.[31] Note that 1 Td (Townsend) corre-
sponds to 10@21 V m@2.

It is known that the energy efficiency of NOx formation is de-
termined by the method to break the strong (&10 eV) bond
of the N2 molecule. Above approximately 100 Td, as we can
see from Figure 7, most electron energy goes into electronic

excitation, dissociation and ionisation of the N2 (and O2) mole-
cules. The N atoms produced by direct electron impact dissoci-

ation of N2 molecules can react with O2 molecules to form NO.
However, owing to the very high dissociation threshold level
of N2, the energy efficiency in this case would be limited to

a low level of about 3 %.[31] This explains why a DBD is charac-
terised by a lower energy efficiency, or a higher energy con-

sumption for NOx synthesis. Indeed, in Ref. [73], an energy con-
sumption of 18.0 MJ mol@1 was obtained for NOx synthesis in

a DBD reactor, which is clearly lower than in our case. We can

describe this mechanism as follows in Equations (1) and (2):

e@ þ N2 ! N2ða1PgÞ, N2ðB3PgÞ, N2ðb1PuÞ
þe@ ! e@ þ Nþ N

ð1Þ

Figure 6. Experimental and calculated energy efficiency of NOx formation as
a function of the N2/O2 ratio in the mixture, for a gas flow rate of 2 L min@1

and a SEI of 1.4 kJ L@1 (or 0.35 eV molec@1), and comparison with the thermal
energy efficiency at the same SEI value. The solid and dashed (black and
red) lines indicate without and with the energy cost of air separation, re-
spectively.

Figure 7. Fraction of electron energy transferred to different channels of ex-
citation, as well as ionization and dissociation of N2 and O2, in a 50 % N2/
50 % O2 mixture, as a function of the reduced electric field (E/N), as calculat-
ed from the corresponding cross sections of the electron impact reactions.
The reactions with N2 are indicated with solid lines, whereas the correspond-
ing reactions with O2 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 re-
duced electric field between 5 and 100 Td, corresponds to the typical glid-
ing-arc regime.
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Nþ O2 ! NOþ O, Ea & 0:3 eV molec@1

DH & @0:94 eV molec@1
ð2Þ

A similar mechanism, based on electron impact dissociation
of N2, was also predicted by our model, and validated by ex-

periments, for a CO2/N2 mixture in a DBD reactor.[50]

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 N2 is the dominant electron

process, as is clear from Figure 7, and the resulting N2 mole-

cules in vibrational levels will be important for NO formation in
our case. Indeed, the relatively high energy barrier of the reac-

tion between N2 molecules and O atoms to form NO, that is,
approximately 3 eV, can be overcome by the vibrational

energy of the N2 molecules. As a result, the so-called Zeldovich
mechanism stimulated by vibrational excitation [31] will play the

dominant role for producing NO in our gliding arc, whereas

the N formed in this process can react with an O2 molecule to
form another NO [Eqs. (3), (4)]:

Oþ N2 ðvÞ ! NOþ N, Ea & DH & 3 eV molec@1 ð3Þ

Nþ O2 ! NOþ O, Ea & 0:3 eV molec@1

DH & @0:94 eV molec@1
ð4Þ

(v) indicates in vibrational state. This will be further elaborated
in the next section.

To demonstrate that the N2 vibrational levels are indeed im-
portant in our gliding arc, we plot in Figure 8 the vibrational

distribution of N2 in the gliding arc at four different times, that
is, at 5 ms (corresponding to the beginning of the first pulse;

see the Supporting Information for details), 15, 25, and 35 ms

(i.e. , at the end of the first pulse). At the time instant of 5 ms,
mainly the low vibrational levels are populated, owing to elec-

tron excitation. When time evolves, the fast vibrational–vibra-
tional (VV) relaxation, which represents the vibrational energy

exchange among two molecules in the same mode of vibra-

tion, leads to the establishment of a vibrational distribution in
which the high-energy levels are also gradually more populat-

ed, as is clear from Figure 8. If the vibrational energy lost to
translational degrees of freedom (i.e. , vibrational–translational

(VT) relaxation processes) and chemical reactions would be ne-
glected, the vibrational levels would show a Treanor distribu-

tion, that is, an exponentially parabolic distribution function
with a minimum value at intermediate vibrational levels.[74]

However, when the chemical reactions of the vibrational levels

are taken into account, the highest vibrational levels can over-
come the reaction energy barrier. As a result, the destruction
rate of the high vibrational levels is very large and the normal-
ised vibrational distribution function shows a decreasing trend
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 obvious that the gliding arc discharge is highly vibrational-

ly overpopulated throughout the entire power deposition
pulse (or discharge cycle), explaining the important role of the

N2 vibrational levels in the NO formation in our gliding arc (see
also next section).

Figure 9 illustrates the calculated vibrational temperature of

N2 as a function of time during the entire gliding-arc discharge
stage. It is defined as follows from the first vibrational level

[Eq. (5)]:

T v ¼
Ev1

kBlnðn1=n0Þ ð5Þ

where the v stands for vibrational state Ev11/kB = 3481 K is the

energy of N2 (v1) and n1 and n0 are the densities of N2 (v1) and
N2 ground state, respectively. kB is the Boltzmann constant.

In our experiments, we use a high-frequency pulsed power,
which leads to oscillations in the power deposition. Therefore,
the electron temperature and electron number density also

show this oscillation behaviour (see details in the Supporting
Information). Hence, it is clear that the vibrational temperature,

which is determined by electron impact vibrational excitation,

and thus strongly depends on the electron properties (see de-

Figure 8. Normalised vibrational distribution function at different time in-
stants of the first discharge pulse for a 50 % N2/50 % O2 mixture. The thermal
distribution at the gas temperature of 1500 K is also presented for compari-
son.

Figure 9. Vibrational temperature of the first vibrational (Tv) 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.
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tails in the Supporting Information), also exhibits the same os-
cillations, with a peak at maximum power deposition of one

discharge pulse, which 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 temper-
ature because it cannot relax back to the gas temperature in

the limited timescale before the start of the next power depo-
sition pulse, when the vibrational temperature rises again. The

maximum vibrational temperature, however, decreases with

time because both the power density and electron number
density decrease (see Figure S5 in the Supporting Information),

and the electron energy transfer to vibrational energy by elec-
tron 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 it is still considerably higher than the

gas temperature (i.e. , about 5000 vs. 1000 K), indicating that
the vibrational levels are overpopulated during the entire glid-

ing arc cycle, and thus that the gliding arc is far from thermal
equilibrium. Our calculated values of the vibrational tempera-
ture range from 4500 to 8000 K, which is in general good
agreement with experimental investigations[75, 76] for a kHz al-

ternating current (AC) air gliding arc at atmospheric pressure.

It should be noted that not only the N2 molecules but also
the O2 molecules are vibrationally excited in the gliding arc.

The latter can also help overcome the reaction energy barrier
of the NO formation process (see [Eq. (4)] above). However, as

we can see from Figure 7, the electron energy is more easily
transferred to the vibrational energy of the N2 molecules in the

typical reduced electric field range of a gliding arc. Therefore,

we only present here the results of the N2 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 NOx synthesis in our

gliding-arc reactor.

Formation and loss processes of NO and NO2

To better understand the influence of the N2/O2 feed ratio on
the NOx yield, we investigated the dominant reaction pathways
for the formation and loss of NO and NO2 for several N2/O2

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 S3 in the Sup-
porting Information).

Table 1 lists the most important formation (F1–F6) and loss
(L1–L5) processes for NO. In the Supporting Information (Fig-

ure S6) we plot their time and volume integrated rates as
a function of N2/O2 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, 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/O2 ratio, as well as the
total net formation rate.

Although the collision between oxygen atoms and NO2 (F2
in Table 1) is the dominant formation mechanism of NO at low

N2/O2 ratio, or high oxygen contents in the mixture, as shown
in Figure S6, the reactions that proceed from NO2 have an

overall negative net contribution to the NO formation, as is ob-
vious from Figure 10 (see N6). This indicates that there is more
formation of NO2 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 re-
verse reaction L1 at the N2/O2 feed ratio of 1.0 (see Figure S6),
and thus, reaction F1 has a clear net contribution to NO forma-

tion (see N1 in Figure 10). From this analysis we can therefore
draw the following conclusion: the Zeldovich mechanism

stimulated by vibrational excitation (F1 in Table 1) is the domi-
nant 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 forma-
tion process of NO is the reaction of N atoms with O2 mole-

cules (either in ground state or vibrational levels) (F3), so we
should aim to steer the N atoms, formed in reaction F1, to

react with O2 molecules in reaction F3, instead of reacting with

the NO molecules in the reverse reaction L1, to optimise the
NO synthesis.

Table 2 lists the most important formation (F7–F10) and loss
(L6–L11) processes for NO2. Their time integrated rates are

plotted in Figure S7 in the Supporting Information, as a func-
tion of N2/O2 ratio, as well as the total formation and loss rate.

Table 1. Overview of the most important formation and loss reactions for
NO.

Formation processes Loss processes

F1 O + N2(v)!NO + N L1 N + NO!O + N2

F2 O + NO2!NO + O2 L2 O + NO!NO2

F3 N + O2/O2(v)!NO + O L3 NO + NO2 + M!N2O3 + M
F4 N2O3 + M!NO + NO2 + M L4 NO3 + NO!NO2 + NO2

F5 N + NO2!NO + NO L5 NO2
@+ NO2!NO3

@+ NO
F6 NO2

@+ NO2!NO3
@+ NO

Figure 10. Time and volume integrated net rates of the various NO forma-
tion processes as a function of N2/O2 ratio, for a SEI of 1.4 kJ L@1 (or 0.35 eV
molec@1), as well as the total net formation rate.
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Figure 11 shows the time and volume integrated net rates of

the various NO2 formation processes as a function of N2/O2

ratio. Although the reactions involving N2O4, that is, F8 and L7,

are the dominant formation and loss mechanism of NO2 at N2/
O2 feed ratio between 0.2 and 10, as shown in Figure S7 in the
Supporting Information, their absolute reaction rates are nearly

balanced. Therefore, these reactions (combined as N9) have
a negligible net contribution to the formation of NO2. The

same applies to the reaction N10, involving N2O3 (F10 and L9).
Our calculations clearly indicate that the oxidation of NO via

F7 is the most important net formation process of NO2 (N7).

Overall reaction scheme of the NOx chemistry

The data revealed by our 0 D model allow us to compose an

overall reaction scheme for the NOx synthesis, as depicted
schematically in Figure 12. The 9.8 eV strong triple bond of N2

is mainly broken by vibrational excitation, followed by the re-
action of N2 (v) with O atoms into NO and N [Eq. (3)] . The N

atoms subsequently react with O2 molecules to form a second

NO and a new O atom [Eq. (4)] . The reaction chain is closed
when the new O atom reacts with the next vibrationally excit-

ed N2 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 re-

sults in about 50–90 % electron energy transfer to N2 vibration-
al excitation (see Figure 7), whereas VV relaxation further pop-

ulates the higher N2 vibrational levels. The latter helps over-
come the high reaction energy barrier of the Zeldovich reac-

tion (3 eV molec@1) and to 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 pro-

duction by the non-equilibrium plasma.
Our simulations indicate that for a total gliding arc cycle,

a local NOx 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 set-
ting the reaction rate of reaction L1 (Table 1) to zero, our

model calculations predict a much higher NO yield of
24 588 ppmv for a N2/O2 feed ratio of 1, which is around 5
times the yield obtained in Figure 1, by taking into account
this loss reaction. Consequently, the energy efficiency will also

increase by a factor around 5. This clearly shows that suppress-
ing the loss processes of reaction L1 will enhance the NOx

yield and hence the overall energy efficiency. The reverse reac-

tion L1 indeed competes with the propagation (reaction F3 in
Table 1) 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 synthe-

sis in our gliding arc. As a result, we should look for ways of
suppressing the reverse reaction L1 or promoting the reac-

tion F3, 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 ve-

locity 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 yield and hence the energy effi-
ciency would rise. Our experimental results for the NOx con-

Table 2. Overview of the most important formation and loss reactions for
NO2.

Formation processes Loss processes

F7 O + NO!NO2 L6 O + NO2!NO + O2

F8 N2O4 + M!NO2 + NO2 + M L7 NO2 + NO2 + M!N2O4 + M
F9 NO3 + NO!NO2 + NO2 L8 NO2 + NO2!NO3 + NO
F10 N2O3 + M!NO + NO2 + M L9 NO + NO2 + M!N2O3 + M

L10 N + NO2!NO + NO
L11 N + NO2!O + N2O

Figure 11. Time and volume integrated net rates of various NO2 formation
processes as a function of N2/O2 ratio, for a SEI of 1.4 kJ L@1 (or 0.35 eV mo-
lec@1), as well as the total net formation rate.

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 % O2

mixture. For instance, the thickness of the arrow from N2 (v) to NO corre-
sponds to a time and volume integrated rate of 1.37 V 1017. N2 (E) indicates
the sum of all the electronically excited N2 molecules.
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centration versus SEI indeed show that higher flow rates can
produce higher NOx concentrations at a fixed SEI. This shows

the high potential of the gliding arc discharge for NOx produc-
tion at higher flow rates.

The promotion of the reaction F3 can be reached when
making use of hot N atoms. Indeed, the vibrational energy of

N2 (v) is higher than the activation energy of the reaction F1
(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 vibra-

tional energy released goes into translational energy of the N
atoms (so-called hot N atoms) and assists in the reaction F3, by

increasing the rate coefficient of this reaction, and therefore,
the NO yield can be enhanced. It is shown in Ref. [77] that in-
creasing the oxygen content in the mixture can help to en-
hance this effect and promote the reaction F3.

Our reaction scheme (Figure 12) also shows that NO2 is

mainly formed by oxidation of NO upon reaction with O
atoms, whereas it mainly reacts back into NO upon reaction

with either O or N atoms, at high or low oxygen contents, re-
spectively. The main channel responsible for the formation of

O atoms, which are important to initiate the Zeldovich mecha-
nism via reaction F3, is electron-impact dissociation of O2 mol-

ecules.

Because the N atoms are lost rapidly via reaction L1, as well
as by reactions with NO2, our calculations indicate that the

overall N concentration is never more than 0.1 %. For this
reason, N2O, which is mainly produced upon reaction between

N atoms and NO2 (reaction L11 in Table 2), has only a minor
concentration in the whole gliding-arc cycle compared with

NO and NO2. This is in qualitative agreement with our experi-

ments, as no N2O was detected.
As mentioned above, the industrial scale H–B process still

has a lower energy consumption, that is, 0.48 MJ mol@1 N, so it
is clear that major efforts should be taken in gliding arc

plasma-based NF to further increase the yield and decrease
the energy consumption, to become competitive with the in-

dustrial 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 can

help provide solutions to overcome these limitations.
On the other hand, it is important to realise 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-frequen-

cy pulsed gliding arc plasma can be very useful for peak shav-
ing, as it is very flexible and can be switched on and off easily,

so we expect that it will be very suitable for NF by NOx synthe-
sis using renewable energy. Furthermore, as an instantaneous

“on-and-off” technique, the gliding-arc-based NF can be

stopped and started more easily than the H–B process, making
it possible for farmers in remote locations to locally generate

the necessary nitrogenous fertilisers out of “thin air” just using
small-scale plants. This application of gliding-arc technology is

very promising, especially in regions where a wealth of under-
used wind and solar resources exist, which offer farmers a new

source of revenue from their land—a renewable alternative to
conventional nitrogenous fertilisers 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 nitrogen fixation (NF) process through NOx synthesis in
gliding arc plasma, by means of combined experiments and

a zero-dimensional kinetics model. We compared our experi-
mental data with the model predictions and obtained reason-
able agreement for the NO, NO2, and total NOx yield, the NO
and NO2 selectivity, the energy consumption and energy effi-

ciency for the entire range of N2/O2 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 domi-

nant reaction pathways for the NOx synthesis.
Our study clearly reveals that vibrational excitation of N2 can

help overcome the reaction energy barrier of the non-thermal
Zeldovich mechanism: Oþ N2 vð Þ ! NOþ 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 re-

action for NO2 formation is oxidation of NO by O atoms:
Oþ NO! NO2.

We also compared our results with those of thermal NOx

synthesis. The NOx yield and energy efficiency obtained in our

gliding arc are much higher than the thermal values owing to

the non-equilibrium properties of the plasma, as the chemistry
of the conversion process is induced by energetic electrons.

We can conclude that the gliding arc is a very promising candi-
date for potential industrial scale NF, but the energy consump-

tion achieved in this study is still much higher than the bench-
mark, that is, the industrial Haber–Bosch process. Therefore, it

is clear that the NOx synthesis in the gliding arc should be fur-

ther improved, for example, by operating at conditions in
which the reverse reaction Nþ NO! Oþ N2 is suppressed or

where the reaction Nþ O2=O2 vð Þ ! NOþ O is promoted, as
our simulations indicate that these processes currently limit
the NOx formation.

In general our model allows us to gain better insights into

the entire process of NOx formation, which enables us to pro-
pose solutions for improving the gliding-arc-based NOx synthe-

sis processes in the future. One example could be to actively
tune the reduced electric field (i.e. , E/N ratio) by optimizing
the reactor electrical operational parameters, to promote the

vibrational excitation and selectively deliver energy to the Zel-
dovich chemical reaction of NO synthesis by an energy effi-

cient way. Another example could be to improve the reactor
geometry and optimise the flow conditions to expose the max-

imum amount of feed gas to the gliding arc.

It is clear that NF in the gliding arc is still far from competi-
tive with the world-scale business case of the Haber–Bosch

process, but if electricity from sustainable energy sources can
be used, the intrinsic potential of gliding-arc-based NF can

provide a promising opportunity of producing fertiliser in
remote locations. This comes up with realistic scenarios of en-
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tering a cutting-edge innovation in new business cases of
plasma agriculture.

Furthermore, for practical applications, it would be beneficial
to make use of air, which includes a certain amount of humidi-

ty. Electric discharges in humid air have been studied already
in literature; they produce more reactive species and present

highly acid and oxidizing properties towards aqueous sol-
utes.[78] These chemical effects can be used for various practical
applications, for example, the removal of major pollutants

from waste waters.[79] However, the interaction mechanism of
water vapour with air (N2/O2) is not yet precisely clarified. Our
current work shows that the NOx formation by the gliding arc
operating in dehumidified air strongly depends on the compo-

sition of the feed gas, in which the nature of the interactions,
such as vibrational molecular excitation between the constitu-

ents, is very important. Therefore, identifying the role of differ-

ent species, and especially their excited states, and clarifying
the underlying chemistry in humid air, for different degrees of

humidity, will be of great interest to investigate how to en-
hance nitrate formation in a humid air gliding arc. This is

planned for our future work.

Experimental Section

Experimental studies

The experiments were performed at atmospheric pressure in
a milli-scale gliding-arc reactor. This is a two-dimensional flat reac-
tor 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 di-
verging 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 reac-
tor is powered by a customised Xenionik EP 4000 AC power
supply. The applied high voltage and current were measured by
a high voltage probe (Tektronix P6015A) and a current sense resis-
tor of 5 W, respectively. All electrical signals were 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 pre-heating of the gas oc-
curred. The products were analysed using a Fourier Transform In-
frared Spectrophotometer (SHIMADZU, IRTracer-100) at a resolution
of 0.5 cm@1 and the gas cell was equipped with CaF2 windows
(Specac, Storm Series). NO and NO2 were the only products detect-
ed and their concentrations were determined from the adsorption
bands at 1900 and 1630 cm@1, respectively, using a series of cali-
bration gas mixtures. The reported NO and NO2 selectivity was cal-
culated using Equations (6) and (7):

NO selectivity ¼ NO concentration
concentration of NOþ NO2ð Þ ð6Þ

NO2 selectivity ¼ NO2 concentration
concentration of NOþ NO2ð Þ ð7Þ

The arc dynamics in the plasma reactor was obtained using high-
speed imaging. This helped us to compute the gliding arc lifetime,

velocity, propagation height and processing time, all of which
were used as input in the model (see the Supporting Information).
The performance of the milli-scale gliding-arc reactor was investi-
gated at a constant flow rate of 2 L min@1, pulse width (25 ms) and
amplitude (70 Vpk-pk (peak-to-peak voltage)), and by varying the
feed ratio of Air/O2, yielding N2/O2 ratios of 0.25–4. All experiments
were performed four times and averages of at least 100 voltage–
current (V–I) cycles were used to obtain the final power consump-
tion value. The experiments were reproducible within + /@ 5 % of
the averaged values. The error bars in Figures 1, 2, 5 and 6 show
the 95 % confidence interval. The influence of different flow rates,
pulse widths and amplitudes on the NOx yields was investigated in
previous work[37] and is beyond the scope of our current work. We
tested that Air + O2 and N2 + O2 feed gas mixtures with the same
ratio of N2/O2 gave very similar concentrations of NOx as well as se-
lectivity 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.[80] Therefore, for simplicity, we assumed
the air is composed of N2/O2 = 79:21 in our simulation mentioned
below.
The total plasma power (Pplasma), specific energy input (SEI), and
energy consumption (EC) per mole of NOx are defined by Equa-
tions (8)–(10), respectively (GA: gliding arc).

Pplasma Wð Þ ¼ f

Zt¼tpulse

0

V GA > IGAdt ð8Þ

SEI ½J L@1A ¼ Pplasma > 60 s min@1½ A
gas feed flow rate L min@1½ A ð9Þ

EC ½J mol@1A ¼ Pplasma þ Pgp

moles of NOx produced per second
ð10Þ

Figure 13. Reactor geometry (a) and schematic diagram of the experimental
setup (b).
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where tpulse is the time span of a pulse (s) and f is the frequency of
the pulses (Hz). Pgp (W) is the power consumption used to prepare
pure oxygen gas from the air by separation [Eq. (11)]:

Pgp ¼
O2 flow rate L min@1½ A > O2 specific power to separate air ½W L@1A

60 s min@1½ A
ð11Þ

where oxygen specific power for air separation is the power
needed to produce a standard litre oxygen gas; a value of
0.28 kW L@1 is used here, based on Ref. [81].
Likewise, the energy efficiency, h, is calculated as [Eq. (12)]:

h %½ A ¼ HNOx
>moles of NOx produced per second

Pplasma þ Pgp
ð12Þ

where HNOx
[J mol@1] is the standard formation enthalpy of 1 mol

NOx, which is evaluated by Equation (13):

HNOx
¼ HNO > SNO þ HNO2

> SNO2
ð13Þ

Where HNO and HNO2
is the standard formation enthalpy of 1 mol

NO (90.3 kJ mol@1) and NO2 (33.1 kJ mol@1), respectively, and SNO

and SNO2
is the selectivity of formed NO and NO2 in the NOx prod-

ucts.

Computational studies

0 D chemical kinetics model

To elucidate the underlying mechanisms of the gliding arc assisted
NOx synthesis in the above-mentioned experimental setup, we de-
veloped a 0 D 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 (0 D) 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:

dni

dt
¼
X

j

a 2ð Þ
ij @ a 1ð Þ

ij

0 /
kj

Y
l

n
a 1ð Þ

lj

l

( )
ð14Þ

Where aij
(1) and aij

(2) are the stoichiometric coefficients of species i,
at the left and right hand side of a reaction j, respectively, nl is the
species density at the left-hand side of the reaction, and kj 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 0 D model allows to describe the spatial de-
pendence of the NOx synthesis in the gliding-arc reactor, as ex-
plained in the Supporting Information.
The solution of the ordinary differential [Eq. (14)] 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 ZDPlasKin,[82] which features an interface for the
description of the plasma species and reactions, a solver for the
set of differential [Eq. (14)] , and an integrated Boltzmann equation
solver BOLSIG + .[83]

Plasma chemistry included in the model

The species taken into account in our model for the N2/O2 mixture
are listed in Table 3. These species include various neutral mole-
cules in the ground state, as well as several electronically and vi-
brationally excited levels, various radicals, positive and negative
ions, and the electrons.
We pay special attention to the electronically and vibrationally ex-
cited states of N2 and O2, because they may become important
under certain conditions. The detailed notations of the N2 electron-
ically 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 O2, while for N2, 25 vibrationally excited
levels are included. The populations of the higher levels are negli-
gible, as was demonstrated in Figure 8.
All these species undergo a large number of chemical reactions,
that is, electron impact collisions with neutral species, leading to
excitation, ionization, dissociation and electron attachment, elec-
tron-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[49] and a DBD discharge[50] in a CO2/N2 mix-
ture. The corresponding rate coefficients, and the references where
these data were adopted from, are listed in the Supporting Infor-
mation of the previous work.[49] Some adjustments to the major
neutral reactions involving NOx were made and their correspond-
ing rate constants are listed in Table 4. The first and fifth reaction
do not only apply to N2 and O2 molecules in the ground state, re-
spectively, 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 re-
actions of the vibrational levels, that is, 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).

Table 3. List of species included in the model for the N2/O2 gas mixture.

Ground neutral spe-
cies

Charged species Excited species

N2, N N+ , N2
+ , N3

+ , N4
+ N2(A3Su

+), N2(B3Pg),N2(W3Du), N2(B’3Su
-), N2(C3Pu), N2(E3Sg

+), N2(a’1Su
-), N2(a1Pg), N2(a’’1Sg

+),
N2(w1Du), N2(V1-V25), N(2D), N(2P)

O2, O3, O O+ , O2
+ , O4

+ , O@ , O2
@ , O3

@ , O4
- O2(V1-V15), O2(E1)[a] , O2(E2)[b]

N2O, N2O4, N2O5,
NO,NO2, NO3

NO+ , N2O+ , NO2
+ , NO@ , N2O@ ,

NO2
@ , NO3, O2

+N2

electrons (e@)

[a] O2 (E1) = sum of the A1D and b1Sstates. [b] O2 (E2) = O2(B3S) and higher triplet states.
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Reaction Rate coefficient[a] Ref.

Oþ N2 ! NOþ N 3:0> 10@10expð@38370=T gasÞ [61]
Oþ NO2 ! NOþ O2 6:51> 10@12expð120:03=T gasÞ [84]
Nþ NO! Oþ N2 8:20> 10@11expð@410:03=T gasÞ [85]
Oþ NO! NO2 3:02> 10@11expðT gas=298:0Þ@0:75 [84]
Nþ O2 ! NOþ O 4:47> 10@12ðT gas=300Þexpð@3270:0=T gasÞ [86]
NO3 þ NO! NO2 þ NO2 1:70> 10@11 [64]
Nþ NO2 ! NOþ NO 2:30> 10@12 [64]
Nþ NO2 ! Oþ N2O 1:40> 10@12 [85]
NO2 þ NO2 ! NO3 þ NO 4:5> 10@10expð@18500:0=T gasÞ [61]

[a] Rate coefficients are in cm3 s@1 or in cm6 s@1 for the two-body and
three-body reactions, respectively; Tgas is the gas temperature in K.
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1.  Treatment for the vibrational levels 

Because the vibrationally excited species may play an important role in gliding arc assisted 

nitrogen fixation, [1] we pay special attention to their kinetics. 

1.1 Electron impact vibrational excitation  

Electron impact vibrational excitation is very important for populating the lower vibrational 

levels. We calculate the rate coefficients of this process for the lower vibrational levels of nitrogen 

and oxygen based on the Phelps cross sections. [2]-[3] The electron impact cross sections σnm for 

excitation to higher vibrational levels were obtained by the Fridman approximation from the known 

cross section σ01 for excitation from the ground state to the first vibrational state. [1] 

𝜎𝑛𝑚(𝜀) =
exp(−𝛼(𝑚−𝑛−1))

1+𝛽𝑛
𝜎01(𝜀 + 𝐸01 − 𝐸𝑛𝑚)                                                                                   (S1) 

Where E01 = E1 − E0 and Enm = Em − En are the corresponding excitation threshold energies. Thus, the 

Fridman approximation shifts the cross sections on the energy scale to account for the change in the 

threshold energy and it scales the magnitude of the cross sections according to two parameters, α 

and β. As suggested in [1], For N2, we use α = 0.7 and β = 0.05 and a recommended value of α = 0.7 

for O2 is used. Due to lack of data for excitation from O2v1 to higher levels, we have no information 

on the β value and for simplicity, we set β = 0, i.e. the cross section σ12 has the same magnitude as 

σ01. 

The superelastic vibrational collisions may play an important role in the determination of the 

electron energy distribution function (EEDF). Therefore, the cross sections for electron impact de-

excitation are determined from the excitation cross sections by the detailed balancing principle. [4] 

1.2 Vibrational energy exchange reactions 

In vibrational energy exchange reactions, the vibrational energy is either lost to translational 

degrees of freedom (VT relaxation) or exchanged among two molecules in the same mode of 

vibration (VV relaxation). The rate coefficients for VT relaxation of the N2 and O2 vibrational levels 

mailto:wangweizong@gmail.com
mailto:annemie.bogaerts@uantwerpen.be


2 
 

with either O2 or N2 are determined with the forced harmonic oscillator (FHO) model, [5]-[6] which 

compares well with exact quantum methods. [7] 

The vibrational−vibrational (VV) relaxation process is very important as it populates the higher 

vibrational levels out of the lower levels, which are populated by electron impact excitation (see 

above). The rate coefficients for VV relaxation between two O2 levels or between two N2 levels, as 

well as their combinations of VV relaxation (i.e., N2−O2) are again calculated with the FHO model. [5]-[6] 

The details about the VT and VV relaxation processes and the corresponding rate coefficients can be 

found in the supporting information of the reference [8].  

1.3 Chemical reactions of the vibrational levels 

The vibrational levels can undergo the same chemical reactions as the ground state molecules, 

but the vibrational energy can help to lower the energy barrier of the reaction and thus increase the 

reaction rate constant. To account for this in the model, we calculate their rate coefficients from the 

corresponding rate coefficients of the collisions from the ground-state species by multiplying with an 

exponential factor: 

𝑘(𝐸𝑣 , 𝑇𝑔) = 𝐴0exp(−
𝐸𝑎−𝛼𝐸𝑣

𝑇𝑔
)                                                                                                                 (S2) 

where A0 is the pre-exponential factor, Ea is the activation energy of the reaction, Tg is the gas 

temperature, Ev is the energy of the vibrational level and α is a parameter determining the efficiency 

of lowering the reaction barrier by vibrational excitation. 

We set the values of α for each reaction following the same assumptions as described by 

Fridman, [1]  i.e. 

• For exothermic reactions with practically no activation energy, we use α = 0. 

• When no bond breaking occurs, α is taken equal to a very low value (0.015). 

• When bond breaking occurs in the vibrationally excited species, α is taken as 0.9. 

• When in addition to the bond breaking also an atom is transferred, α is taken as 1.0. 

2. Description of the gliding arc setup in the model 

Although we use a 0D model, the latter can still account for the spatial dependence of the NOx 

synthesis in the GA reactor, by making smart assumptions, based on the information obtained from 

our experiments. These assumptions will now be explained. 

High speed imaging of the GA indicates that the discharge forms a plasma column connecting 

the electrodes, by self-initiation in the upstream narrowest gap. Subsequently, this column is 

dragged by the gas flow toward the diverging downstream section. The arc grows with rising 

interelectrode distance until the peak applied voltage in one half cycle reaches the breakdown 

voltage at the shortest gap separation. Subsequently, a new arc is ignited at the shortest gap and the 

old gliding arc extinguishes. During the gliding arc propagation stage, the arc spots move along the 

electrodes with only a small deformation of the plasma column. A similar behavior was also observed 

in literature. [9] The plasma channel can be seen as part of a circle (see figure S1) having its centre in 

the middle of the shortest electrode gap (see point C in figure S1).  
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Figure S1.  Schematic diagram of a moving arc between both electrodes, with explanation on 

how this is translated into the model. See text for explanation. 

The gliding arc velocity varc as a function of axial position in the reactor was obtained by the high 

speed camera, and is presented in figure S2. For a gas flow rate of 2 L/min and a SEI of 1.4 kJ/L (or 

0.35 eV/molec), used in the simulations, and based on the velocity distribution presented in figure S2, 

we can deduce the experimental gliding arc cycle (i.e., total processing time) as 4.16 ms, yielding a 

calculated gliding arc propagation height of 39.5 mm (see figure S3 below), which is in satisfactory 

agreement with the experimental data of 38.5 mm. A higher discharge power leads to a larger gliding 

arc propagation height and gliding arc processing time. Therefore, in order to obtain the arc velocity 

also at higher axial positions beyond 40 mm, we also performed high speed camera measurements at 

higher discharge powers, and the results are also included in the velocity distribution plotted in 

figure S2, because we may assume that the discharge has negligible influence on the flow field and 

the arc velocity is equal to the gas flow velocity. This assumption is justified when the gas flow rate 

and discharge power are relatively low. [10] 

 
Figure S2. Measured gliding arc velocity as a function of the axial position along the symmetry 

plane in the reactor, for a gas flow rate of 2 L/min. 0 mm denotes the axial position at the shortest 

electrode separation. The end of the electrodes is at an axial position of 195 mm. 

Considering that the gliding arc column can be assumed as part of a circle having its centre in 

the middle of the shortest electrode gap (see figure S1), we can determine the length of the gliding 



4 
 

arc discharge channel Lm, at different times. Indeed, for a large enough gliding arc height l, i.e. the 

distance between points C and H in figure S1, being the axial positions of the arc channel central 

points on the symmetry plane at the shortest interelectrode distance and the actual position, 

respectively, we can write: Lm ≈ θl, with θ = 20o ≈0.35 rad is the angle of the electrodes with respect 

to each other. Subsequently, we can determine the effective gliding arc volume at each time instant, 

using a time-averaged apparent discharge channel radius (rmax = 0.5 mm) obtained by the high speed 

camera images. The effective gliding arc volume rises from 1.02 mm3 at the shortest electrode gap, 

to about 10.8 mm3 just before the arc extinguishes. 

In the model, we assume that the gas velocity vgas is equal to the gliding arc velocity varc. This 

means that there exists no relative velocity and only the gas within the effective gliding arc volume is 

processed. As a result, the real residence time of the treated gas is equal to the gliding arc cycle, and 

in the simulations, the local species concentration and conversion degree within the gliding arc 

channel should subsequently be scaled to the overall gas flowing into the reactor within the gliding 

arc cycle, to obtain the overall values. Indeed, the fraction of the gas passing through the arc is 

approximately 7.8% of the total gas flow. It is clear that the discharge volume is increasing due to the 

arc elongation caused by the gas blast when the arc moves downstream from the shortest gap 

separation. This means that the species concentration is diluted by the fresh gas N2/O2 entering the 

discharge channel, hence redistributing the species over a larger volume. At each time step during 

the simulation, the particle densities are corrected to account for this effect. In total, the fresh gas 

entering the discharge channel during the whole gliding arc cycle is about ten times the gas treated 

by the arc from the start. 

Experimental investigations from literature indicate that the gliding arc discharge includes an 

initial quasi-equilibrium zone, with quasi-equilibrium temperature of 3000 to 6000 K, and a non-

equilibrium zone with gas temperature ranging from 1500 K to 1000 K. [9] The non-equilibrium phase 

is considerably longer than the equilibrium phase, and consumes up to 90% of the total discharge 

energy. Due to the very high discharge frequency used in our experiments, the equilibrium phase 

should be very short, i.e., in the order of 10-30 ns with a high magnitude of current (~25 A) passing 

the reactor as observed by our experiments. Therefore, we can ignore the equilibrium stage and 

assume that the gas temperature decreases linearly from 1500 K at the moment of arc ignition to 

1000 K when the end of the gliding arc cycle is reached (see figure S3). Once the arc extinguishes, the 

discharge channel arrives in a relaxation stage. We apply a temperature decreasing rate of dT/dt =-

107K/s to describe the arc quenching process by gas convection till a gas temperature of 400K is 

reached. This constant temperature of 400 K is maintained in the relaxation stage, until 5 ms, which 

corresponds to an axial position of 44.5 mm. At this time, we stop our calculations, because the 

gliding arc is fully extinguished and no NOx synthesis takes place anymore. At each time step during 

the simulation, the particle densities are corrected to maintain a constant pressure and to account 

for the effect of the gas temperature variation.  
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Figure S3. Gas temperature profile as a function of time and position in the reactor (see bottom 

and top x-axis, respectively), for a gas flow rate of 2 L/min and a SEI of 1.4 kJ/L (or 0.35 eV/molec), 

used in the simulations, based on the experiments of [9]. 

To match the conditions of a high frequency gliding arc discharge, a number of characteristic 

discharge pulses were implemented in the model per gliding arc cycle. Based on the typical measured 

voltage/current waveform and corresponding power deposition shape of one gliding arc discharge 

cycle, as plotted in figure S4, we implemented a simple triangular power deposition pulse every half 

discharge cycle, as illustrated in figure S5.  

 
Figure S4. Applied voltage and corresponding discharge current (a), and resulting plasma power 

(b), as a function of time for one discharge cycle, for a gliding arc operating at 14 kHz frequency of 

the applied voltage, a SEI of 1.4 kJ/L and a gas flow rate of 2 L/min. 
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Figure S5. Applied power density (a), and calculated electron density (b), electron temperature 

(c), and species concentrations (d) inside the arc, as a function of time for five consecutive pulses, for 

a gliding arc operating in a mixture of 79% N2 and 21% O2. Note that a pulse in the model 

corresponds to a half cycle of the applied voltage, as depicted in figure S4. 

Figure S5 presents the applied power density, and the calculated electron density, electron 

temperature and species concentrations as a function of time in five consecutive power deposition 

pulses (i.e., 2.5 discharge cycles). Note that one complete gliding arc cycle (i.e., 4.16 ms), comprises 

58 discharge cycles, or 116 power deposition pulses. In our simulation, we assume the total power 

deposited in every half cycle to be constant with a time averaged value, as obtained from the 

experiments. As a result, the power density and hence the maximum electron density and electron 

temperature are decaying, as observed in figure S5, because the effective gliding arc volume is 

increasing very rapidly due to the arc elongation, as explained above. The decreasing trend of the 

maximum electron density and electron temperature are also qualitatively justified by the 

experiments of [9]. 

Our simulation predicts a maximum electron density of 3.5 × 1013 cm−3 and a maximum electron 

temperature of 15086 K, or 1.3 eV, as shown in figure S5 (b,c). Furthermore, the electron 

temperature in the whole gliding arc cycle is calculated to be around 11605 K, or 1.0 eV, and the peak 

electron density in each power deposition pulse is within the range from 1.0 × 1012 cm−3 to 3.5 × 1013 

cm−3. These values correspond well to the experimental data for low current air gliding arc discharges, 

[9] although it should be mentioned that it is not easy to compare different gliding arc setups with 

different reactor geometries and discharge conditions.  
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From figure S5(d), we can see that the NOx (i.e., NO + NO2) concentrations within the plasma 

volume increase very rapidly in the first half of the first arc discharge cycle. Subsequently, the NOx 

concentrations only gradually rise further, because the chemical reactions contributing to the 

destruction of NOx also come into play (see below). For one total gliding arc cycle, a total NOx 

concentration as high as 20 % can be reached. Atomic O, important to initiate the production of NOx, 

is present in significant amounts for the first half cycle, but its maximum density decreases due to its 

recombination with NO into NO2. The overall concentration of N atoms is very limited, because it 

easily reacts with NO forming N2. Finally, N2O has a very minor concentration in the whole gliding arc 

cycle compared with NO and NO2. This is in agreement with our experimental investigations. 

3. Calculation method of thermal NOx formation and energy efficiency by the thermal process  

In order to evaluate the performance of our gliding arc for nitrogen fixation, we compare the 

results with the thermal NOx yield, calculated as a function of gas temperature.  

The thermal NO and NO2 yield are calculated as 

𝑋𝑁𝑂(𝑇𝑔)(%) = [
𝑛𝑁𝑂(𝑇𝑔)𝜈(𝑡)

2𝑛𝑁2(298𝐾)𝜈(0)
] × 100% = [

𝑛𝑁𝑂(𝑇𝑔)

2𝑛𝑁2(298𝐾)

𝜌(298𝐾)

𝜌(𝑇𝑔)
] × 100% 

𝑋𝑁𝑂2(𝑇𝑔)(%) = [
𝑛𝑁𝑂2(𝑇𝑔)𝜈(𝑡)

2𝑛𝑁2(298𝐾)𝜈(0)
] × 100% = [

𝑛𝑁𝑂2(𝑇𝑔)

2𝑛𝑁2(298𝐾)

𝜌(298𝐾)

𝜌(𝑇𝑔)
] × 100%                                  (S3) 

where nNO and nNO2 are the number densities of NO and NO2, respectively, and v is the gas velocity. 

During the derivation of equation (S3), a constant mass flow rate Qm= ρ(t)v(t) is assumed. 

Furthermore, we assume that the initial temperature of the gas is 298 K and the gas temperature 

reaches Tg at a time t.  is the mass density of the gaseous mixture. 

The total thermal NO and NO2 yield is then calculated as 

𝑋𝑁𝑂𝑥(𝑇𝑔)(%) = 𝑋𝑁𝑂(𝑇𝑔)(%) + 𝑋𝑁𝑂2(𝑇𝑔)(%)                                                                              (S4) 

The specific energy input (SEI; expressed here in J) is evaluated in this case as the specific 

enthalpy change of the mixture Hmix(J/kg) divided by the total number of species per kilogram at the 

initial state nt(kg-1) when the dissociation has not yet taken place. 

𝑆𝐸𝐼(𝑇𝑔) =
𝐻𝑚𝑖𝑥(𝑇𝑔)

𝑛𝑡
                                                            (S5) 

The energy efficiency of the thermal NOx yield is calculated as: 

𝜂𝑁𝑂𝑥(%) = (
𝑛𝑚𝑜𝑙,𝑁𝑂×𝐻𝑁𝑂+𝑛𝑚𝑜𝑙,𝑁𝑂2×𝐻𝑁𝑂2

𝐻𝑚𝑖𝑥(𝑇𝑔)
) × 100%                                     (S6) 

where nmol,NO and nmol,NO2 (kg-1) are the number of NO and NO2  molecules per kilogram, respectively, 

HNO and HNO2 are the NO and NO2 formation enthalpy per molecule from molecular nitrogen and 

oxygen (0.94 eV, or 1.5 × 10-19 J for NO, and 0.34 eV, or 5.5 × 10-20 J for NO2) and Hmix(Tg) (J/kg) can be 

written as: 

𝐻𝑚𝑖𝑥(𝑇𝑔) = 𝐻(𝑇𝑔) − 𝐻(298𝐾)                             (S7) 

The specific enthalpy 𝐻(𝑇𝑔)  is determined from the calculated chemical equilibrium 

composition using the standard well known thermodynamic formula. [11] 

4. Formation and loss processes of NO and NO2 
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In figure S6 we plot the time and volume integrated rates of the most important formation and 

loss processes for NO as a function of N2/O2 ratio, as well as the total formation and loss rate.  

 

 
Figure S6. Time and volume integrated rates of the main formation (a) and loss (b) processes of 

NO as a function of N2/O2 ratio, for a SEI of 1.4 kJ/L (or 0.35 eV/molec), as well as the total formation 

and loss rate. 

The formation (F1-F6) and loss (L1-L5) processes are listed in Table 1 of the main paper. Our 

calculations predict that the dominant reaction pathways change with increasing N2 content. At a 

feed ratio of N2/O2 above 0.5, NO is mainly formed by the reaction of O atoms with the vibrational N2 

molecules, i.e., O + N2(v)→ NO + N (reaction F1), as a result of the reduced reaction energy barrier 

due to the N2 vibrational levels. The ground state N2 molecules hardly contribute to the production of 

NO, because the reaction barrier is too high. At N2/O2 feed ratio below 0.5, when the mixture is quite 

oxygen-rich, the dominant formation mechanism of NO is the reaction between O atoms and NO2 

molecules, forming NO and O2 molecules (reaction F2). Other reactions, such as the collision 

between N atoms and O2 molecules (either in ground state or vibrational levels; F3), the dissociation 

of N2O3 (F4), as well as some ion and neutral reactions (F5, F6) also contribute to NO formation, but 

their relative contribution is minor compared to the above mentioned two processes (not larger than 

7 %). Moreover, our simulations indicate that NO formation via direct electron impact dissociation of 

N2 molecules is negligible in our gliding arc, as a result of the mild discharge conditions (i.e., relatively 

low electron energy. 

The dominant NO loss mechanism, when the N2/O2 feed ratio is above 1, is its reaction with N 

atoms into N2 and O (L1). This indicates that quite a large fraction of NO produced by O + N2(v)→ NO 
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+ N (reaction F1) is destroyed by its reverse reaction. The latter greatly limits the overall NO yield and 

energy efficiency in the gliding arc. Hence, our calculations suggest that a key solution to increase the 

NO yield and energy efficiency in the gliding arc would be to avoid this reverse reaction, or to make 

sure that the N atoms rather react with O2 molecules (reaction F3) than with NO, as will also be 

discussed below. When the N2/O2 feed ratio is below 1, the oxidation of NO upon reaction with O 

atoms, yielding the formation of NO2, becomes most important (L2). Other loss mechanisms, such as 

the formation of N2O3 upon reaction between NO and NO2 (L3), the reaction between NO and NO3 

forming NO2 (L4), and the charge transfer processNO2
+ +NO → NO+ + NO2(L5) also lead to the 

loss of NO, but only with minor relative contribution below 5%.  

 
Figure S7. Time and volume integrated rates of the main formation (a) and loss (b) processes of 

NO2 as a function of N2/O2 ratio, for a SEI of 1.4 kJ/L (or 0.35 eV/molec), as well as the total formation 

and loss rate. 

Figure S7 illustrates the time integrated rates of the most important formation and loss 

processes for NO2, as a function of N2/O2 ratio, as well as the total formation and loss rate. The 

formation (F7-F10) and loss (L6-L11) processes are again listed in the main paper. It is clear that the 

most important formation process of NO2 at N2/O2 feed ratio below 0.2 and above 10 is the 

recombination between NO and O (reaction F7). This is also the main loss mechanism of NO at low 

N2/O2 ratio, as illustrated in figure S6 (b) above. In the intermediate range of N2/O2 feed ratio from 

0.2 to 10, the dissociation of N2O4 (F8) contributes mostly to the NO2 production, but N2O4 is 

produced by the reverse reaction of F8, and as we l show in the main paper, this reverse reaction has 

the same rate, so the net contribution of F8 for the formation of NO2 is negligible. Other reactions, 

such as the reaction between NO3 and NO (reaction F9) and the dissociation of N2O3 (reaction F10) 
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also yield the formation of NO2, but their relative contribution is again very limited (not larger than 

6%). 

If we take a look at the loss processes, it appears that the reaction between O atoms and NO2 

(L6) is the dominant loss mechanism of NO2 at N2/O2 feed ratio below 0.2, but its absolute reaction 

rate decreases with decreasing oxygen content in the mixture. The formation of N2O4 via three body 

recombination (L7) is the most important loss process of NO2 when the feed ratio of N2/O2 is 

between 0.2 and 10. This is logical because in this range, the NO2 concentration is very high (see 

figure 1 of the main paper). Other reactions (L8-L11) have a minor contribution to the NO2 loss, with 

a maximum relative contribution no larger than 4%. 
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