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We present a combined study of experimental and computational work for a dielectric
barrier discharge (DBD) used for CH, conversion into H,. More specifically, we investigated
the influence of N, as an impurity (1-50,000 ppm) and as additive gas (1-99%) on the CH,4
conversion and H, yield. For this purpose, a zero-dimensional chemical kinetics model is
applied to study the plasma chemistry. The calculated conversions and yields for various
gas mixing ratios are compared to the obtained experimental values, and good agreement
is achieved. The study reveals the significance of the Np(A3Y")) and N, (a*y",) metastable
states for the CH4 conversion into H,, based on a kinetic analysis of the reaction chemistry.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Natural gas is a mixture of several hydrocarbons belonging to
the paraffin series (at least 95%) and non-hydrocarbon gases
such as nitrogen (up to 5%), carbon dioxide and hydrogen
sulfide. Methane is the principal component (between 70 and
90%) of most natural gas reserves [1,2]. The composition of
natural gas varies significantly depending on the geographical
source, time of year, and treatments applied during produc-
tion or transportation [3]. In many respects methane is an
attractive fuel for heating and electrical power generation.
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However, this makes methane an underutilized source for the
production of valuable and useful chemicals and liquid fuels,
such as hydrogen gas, higher hydrocarbons, syngas (a mixture
of CO and H,), methanol (CH;0H) and formaldehyde (CH,0).
Both methane itself and carbon dioxide—derived from
oxidizing methane—are greenhouse gases, and the global
warming potential of methane is even 21 times higher than for
carbon dioxide [4]. Development of efficient natural gas con-
version technologies is therefore urgent and essential for a
sustainable feedstock for the chemical industry and for pro-
tecting our environment.
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The indirect synthesis routes for the utilization of methane
require syngas as an intermediate step. The most important
processes for the intermediate syngas step are steam
methane reforming (SMR), dry reforming of methane (DRM)
and partial oxidation of methane (POX). These processes are
often followed by a methanol or Fischer-Tropsch synthesis to
obtain the desired products [5]. The latter methods are, how-
ever, characterized by low overall yields and they require a
high energy input [6]. Direct (thermal) synthesis routes, for the
conversion of methane to desired products, have the advan-
tage that they circumvent the expensive and energy intensive
syngas step. They are currently, however, technologically very
challenging and costly, while only achieving the same low
yields [5].

This results in a growing interest for alternative (non-
conventional) reforming processes, like plasma technology.
The advantage of non-thermal plasmas is that the gas can
remain near room temperature while being “activated” by
electron impact excitation, ionization and dissociation re-
actions. Several types of plasmas have already been used for
the conversion of methane [7—9], including dielectric barrier
discharges (DBD) [6,10—15], microwave discharge [16,17], glow
discharges [18,19], coronas [19,20], sparks [21], gliding arc
plasma-jets [22—24], radio-frequency (RF) plasmas [25,26] and
thermal plasmas [27]. In this paper, we focus on the conver-
sion of methane by means of a non-thermal DBD. Ever since
the application of a DBD for ozone generation by W. Siemens
[28], DBDs have been frequently used for the removal and/or
production of various compounds [14,28—32]. More specif-
ically, we will investigate the effect of N, on the CH,4 conver-
sion and H, yield, both in the ppm range, as N, is typically
present as impurity in natural gas, as well as in the % range
(1-99%), to investigate whether nitrogenated compounds can
be formed, which could be of interest for the chemical
industry.

Plasmas produced in N,-hydrocarbon gas mixtures and the
resulting chemical reactions between the various plasma
species have attracted the attention of several researchers
[23,33—40]. This is the result of various applications under
study, such as cleaning of polluted air streams, plasma
assisted ignition and combustion, nitrocarburizing, produc-
tion of hydrogen and higher order hydrocarbon molecules and
studying the atmospheric chemistry of Titan. Furthermore, a
mixture with N also offers more stable plasma conditions, as
reported in literature [37]. In our own experiments, we also
observed the discharge to be more homogenous and we were
able to ignite it at lower power inputs. Especially, the influence
of N, on the plasma chemistry and discharge characteristics is
being studied [33,35—38|, since the metastable states of N,
play an important role in the dissociation of hydrocarbon
molecules [23,33,34,37,41].

In this paper, we present a combined study of experiments
and computer simulations to investigate the CH4 conversion
and resulting product yields, i.e. with focus on H,, for several
CH.4/N, mixtures in a DBD setup. Furthermore, by means of a
kinetic analysis, based on the simulation results, we will
elucidate the role of various plasma species, and especially of
the N, metastable states, in the CH, conversion process. As
mentioned above, both the effect of N, impurities
(1-50,000 ppm) in a CH4 discharge, as well as a CH4/N,

discharge with N, content ranging from 1 to 99%, will be
studied.

2. Experimental
2.1. Plasma reactor

Fig. 1 shows a schematic diagram of the experimental setup.
The experiments are carried out in a cylindrical DBD reactor,
consisting of a stainless steel inner electrode and a coaxial
quartz tube, which is covered by a stainless steel mesh elec-
trode. The outer electrode is connected to a high voltage
output and the inner electrode is grounded via an external
capacitor (10 nF). The length of the discharge region is 90 mm
and the discharge gap is fixed at 1.5 mm, resulting in a
discharge volume of 21.9 cm® CH, and N, are used as feed
gases with a constant total flow rate of 605 ml min~? and N,
content of 1, 10, 19, 29, 39, 48, 58, 67, 77 and 87%, controlled
with mass flow controllers (Bronkhorst). The DBD reactor is
powered by an AC high-voltage power supply (AFS), providing
a maximum peak-to-peak voltage of 40 kV and a variable
frequency of 1-90 kHz. The total current (Iy) is recorded by a
Rogowski-type current monitor (Pearson 4100), while a high
voltage probe is used to measure the applied voltage (U,).
Furthermore, to obtain the charge generated in the discharge,
the voltage on the external capacitor (U.) is measured. Finally,
all the electrical signals are sampled by a four-channel digital
oscilloscope (Picotech PicoScope) and for measuring the
discharge power a control system is used to calculate the area
of the Q-U Lissajous figures.

2.2. Product analysis

The feed and product gases are analyzed by a three-channel
compact-gas chromatograph (CGC) (Interscience), equipped
with two thermal conductivity detectors (TCD) and a flame
ionization detector (FID). The first TCD channel contains a
Molecular Sieve 5A column for the segregation of H,, CH, and
N,, while the second TCD channel is equipped with a Rt-Q-
BOND column for the measurement of C,—C, hydrocarbons

Fig. 1 — Schematic diagram of the experimental setup.
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Table 1 — List of species included in the model for the CH4/N, gas mixture.

Molecules Charged species Radicals Excited species

CH, CHZ, CHZ, CH3, CH3, CH', C* CHj3, CH,, CH, C

CyHg, CoHy, CoHy C,H¢, C,HZ, C,HY, C,H3, C,Hj, C,HT, CF C,Hs, C,H3, CoH, Cy

CsHg, CsHg CsHy, GsHs

C4H,

H, Hi, Hj, H', H H H,(R), Hy(V), Ho*, H*

N Ni,Nj,Nf, N N No(R), Na(V), Na(A° ), No(@ ), N*
HCN HCN* H,CN, CN ! !

NH; NH{, NH4, NHj, NH* NH,, NH NH*

N,H,, NoH, N,Hs, NoH

electrons

and nitrogen containing compounds. The FID is equipped with
a Rtx-5 column for the measurement of C;—Cy, and nitrogen
containing compounds.

The conversion, X, of CH, is defined as:

moles of CH,; converted
moles of CH, input

Xen, =

The selectivity, S, and yield, Y, can be calculated as (illus-
trated here for H, as the major product):

moles of H, produced

S, —
"2 = 5 < moles of CH, converted

2

moles of H, produced

Yi, = 2 x moles of CH, input -

> CHy X SHz

It should be noted that there is also some soot and polymer
deposition on the reactor walls so that the carbon and
hydrogen balance is not completely 100%.

3. Description of the model
3.1. 0D chemical kinetics model

The computational model used in this work to describe the
plasma chemistry is a zero-dimensional (0D) kinetic model,
called Global_kin, developed by M. Kushner and coworkers
[32,42]. In this model, the time-evolution of the species den-
sities is calculated, based on the production and loss terms, as
defined by the chemical reactions. The electron temperature
is calculated with an energy balance equation and the rate
coefficients of the electron impact reactions are a function of
this electron temperature, and are calculated in a Boltzmann
equation module. For a more detailed description see our
previous work [10].

3.2. Plasma chemistry included in the model

The plasma chemistry used in the model is based on several
chemistry sets. The hydrocarbon chemistry was developed in
previous work [10], the N, chemistry was adopted from Van
Gaens et al. [43]. Finally, these reactions were expanded with
hydrocarbon-N, coupling reactions from literature [33,38,44].
The model considers 68 different species, including the elec-
trons, various molecules, radicals, ions and excited species.
Two types of (electronically excited) metastable N, species are

included in the model, i.e., Ny(A3Y")) and N,(a'*y",). All these
species are listed in Table 1. They react with each other in 598
reactions: 194 electron impact reactions, 194 ion reactions and
210 neutral reactions, which are listed in the Appendix (Tables
A1,A2,A3,A4 A5, and A6), together with the corresponding rate
coefficients and the references where these data are adopted
from.

The carbon balance in the experiments, dropped from 97%
to 89% upon rising N, concentration from 1% to 87%, which is
in agreement with the “visual” observation that more soot/
polymer was deposited on the reactor walls when increasing
the N, content. In the simulations, carbon formation reactions
are also included, but as the model is zero-dimensional, it is
not possible to predict the carbon balance in an accurate way,
because carbon formation and especially diffusion/deposi-
tion/accumulation appears to be most important on the
reactor walls, which needs at least a one-dimensional model.

3.3. Description of the DBD setup in the model

Since the model is zero-dimensional, we can only simulate
the plasma behavior as a function of time and we cannot
describe the spatial variation of our cylindrical DBD reactor in
a direct manner. However, the temporal behavior can be
translated into a spatial behavior (i.e., as a function of distance
along the DBD tube) by means of the gas flow (i.e., similarity
between batch reactor and plug flow reactor).

In the case of a CH4/N, plasma, a DBD typically occurs in
the so-called filamentary regime, consisting of a large number
of independent micro-discharge filaments. In these micro-
discharges a large fraction of the electron energy is used for
excitation, dissociation and ionization of the molecules, and
hence to initiate the chemical reactions. This is the reason
why including these micro-discharges in the simulations is of
prime importance for a realistic description of the reaction
chemistry. Again, we cannot treat the spatial aspect of fila-
ment formation in our 0D model, but we can mimic the fila-
mentary behavior by simulating a large number of micro-
discharge pulses as a function of time. For more information
about this procedure, we refer to our previous work [10,45].

For the experiments an applied frequency of 23.5 kHz is
used and a residence of 2.2 s, as calculated from the gas flow
rate and the length of the reactor. To mimic these conditions
we simulated triangular micro-discharge pulses of 30 ns, with
a repetition frequency of 0.47 kHz, assuming that each mole-
cule passes through only one micro-discharge every 100 half
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cycles (see detailed discussion in our previous work) [10].
Furthermore, the maximum power deposition per pulse is
defined in such a way that the total specific energy input (SEI)
corresponds to the experimental values (i.e., in the order of
6] cm~3; see below).

Power (J-s71)

cem-3) —
SEL (J-cm ) Gas flow rate(cm—3-s71)

Fig. 2 illustrates the calculated electron density (N.) and
electron temperature (T.) for one pulse as a function of time.
The calculated maximum Ey/N is in the order of 200 Td. This
results in a maximum N, of ~5.5-10'®> cm 2 and a maximum
T. of ~3 eV during the pulse. At the start of the pulse, Te
reaches its maximum of ~3 eV, as the electrons are heated by
the electric field, whereas upon pulse termination, T. drops
significantly. N, on the other hand increases with time during
the pulse and reaches its maximum of 5.5 x 10'* cm~3 at the
end of the pulse, as shown in Fig. 2. This is logical, as the
power leads to the electron heating and subsequently it gives
rise to electron impact ionization, creating electrons during
the pulse. However, the electron density decays very slowly
upon termination of the pulse, indicating low recombination
rates and/or the fact that electrons might still be created in the
early afterglow by heavy particle reactions. For all investigated
CH4/N, mixtures the maximum T. was around ~3 eV, while
the maximum N, was in the order of 10*°—10%*, which are
typical conditions for a DBD [28,46].

4, Results

4.1. Effect of N, as impurity on CH4 conversion and H,
yield

As mentioned above, there are always impurities present in
natural gas, of which Nj is the most important one, and these

—— Electron temperature
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Fig. 2 — Calculated electron density (red line, right axis) and
electron temperature (black line, left axis) during one
triangular discharge pulse of 30 ns for a 95:5 CH4/N,
mixture. The grey dashed lines indicate the start and the
end of the micro-discharge pulse. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

can influence the plasma chemistry and thus the conversion of
CH, as well as the product yields. Therefore, the influence of N,
as impurity in the range of 1-50,000 ppm on a CH, plasma is
computationally investigated in this section. In Fig. 3, the
calculated conversion of CH, and the yield of H, are plotted
versus the N, concentration, for a residence time of 2.2 s and a
SEI of 6 ] cm 2. The results indicate that the conversion de-
creases slightly from 3.4% to 2.9% (equals —15%) upon increase
of the N, impurity. This decreasing trend is the result of the
decreasing electron density, as will be discussed more thor-
oughly in section 4.2.2. The H, yield shows the same decreasing
trend from 2.1% to 1.8% (equals —17%) upon increase of the N,
impurity. This is logical since the H, yield is related to the CH,
conversion, which is the only source of H atoms. The most
abundant N containing reaction product is hydrogen cyanide
(HCN), however, its density is three orders of magnitude lower
than the N, concentration. Thus, this indicates that N, does
almost not chemically react in the plasma under study, and the
N, impurities only have a small indirect (i.e., electron density)
influence on the conversion of CH, and the yield of H, and donot
resultin a significant production of nitrogen containing species.

4.2. Effect of N, as additive gas

4.2.1. Effect on CHy conversion and product yields

Aside from studying the effect of N, as an impurity, it is also
interesting to study the effect of N, as additive gas. The pur-
pose is not only to study the effect on the conversion of CHy
and the yield of H, but also to investigate whether nitro-
genated compounds could be formed, which could be of in-
terest as a feedstock for the chemical industry. Therefore, we
performed both experiments and simulations for different
mixtures of CH4/N,. We carried out experiments with a N,
content of 1, 10, 19, 29, 39, 48, 58, 67, 77 and 87%. The same N,
contents were also investigated in the simulations, as well as
all (other) values in the range of 1-99% with a 2.5% interval.
These simulations were performed for exactly the same
operating conditions as in the experiments, i.e., a residence
time of 2.2 s, a SEI of 6 ] cm 3, a gas temperature of 300 K and
atmospheric pressure for all mixing ratios.

CH, conversion

357 u = n

4 .\.\
3,01 L

2,54 ;
| H, yield

2,0 ® e,

%%

1,54

1,0

Conversion / yield (%)

0,54

0,0-

10° 10" 10 10° 10* 10°
N, content (ppm)
Fig. 3 — Calculated CH,4 conversion and H, yield as a

function of N, content (ppm) for a residence time of 2.2 s
and a SEI of 6 J cm 3.
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Fig. 4 — Calculated and experimental values of CH,

conversion as a function of N, content in the entire range
from 1 to 99% (a), and more detailed comparison from 1 to
88% (b), for a residence time of 2.2 s and a SEI of 6 ] cm 3.

The calculated and measured values for the conversion of
CH, are plotted versus N, content in Fig. 4. Fig. 4(a) shows the
results for the N, content in the entire range from 1 to 99%,
while Fig. 4(b) presents the more detailed results for a N,
content ranging only till 88%. It is clear that excellent agree-
ment is reached between calculated and measured results.

From the simulation results in Fig. 4(a) it appears that the
CH,4 conversion is increasing exponentially with increasing N,
content, however, if we take a closer look to Fig. 4(b), we notice
that for low N, content the conversion slightly decreases first,
as was also observed in the ppm range (see previous section).
Indeed, the calculated conversion decreases slightly from
3.4% to 2.6% for a N, content ranging from 0 to 17.5%. Subse-
quently, it starts increasing slightly, reaching 3.4% again for a
N, content of 45%. It continues increasing and for a N, content
above ~70% the increasing trend starts to become more sig-
nificant. This trend is the result of the interplay of several
effects, i.e. the decreasing electron density with increasing N,
content, the lower reaction rate constants for several three-
body reactions with N, compared to CH, as third body, and
the increasing role of the N, metastable states with increasing
N, content. These effects will be discussed more thoroughly in
Section 4.2.2 and 4.2.3.

3,51

. 30{m
S "
2,54
L 20 .
- 2 -II-II-II-IIIIIIIII-.
O 151 -
c=5 [ ]
$  10-
5 [ ]
0,54
0,0

0O 10 20 30 40 50 60 70 80 90 100
N, content (%)

Fig. 5 — Calculated overall CH, loss as a function of N,
content, for a residence time of 2.2 s and a SEI of 6 J cm ™3,

Although the absolute conversion increases with rising N,
content, it does not compensate for the inherent drop of CHy
content in the mixture, resulting in a lower overall CH, loss (in

%), as shown in Fig. 5. .
Overall CHyloss(%) = CHscontent(%) x CHyconversion(%)

Fig. 6 — Calculated and experimental H, yield as a function
of N, content in the entire range from 1 to 99% (a), and
more detailed comparison from 1 to 88% (b), for a residence
time of 2.2 s and a SEI of 6 ] cm 3.
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It is clear that the CH, conversion obtained both in the
experiments and calculations is in the order of several %,
increasing only to 80% for very high N, contents. This reflects
the high stability of the CH, molecule. Note that these values
are in agreement with experimental results, at least for pure
CH, conversion in a DBD [47—49].

The calculated and measured values for the H, yield are
presented in Fig. 6. Again, Fig. 6(a) shows the results for a N,
content ranging from 1 to 99%, while Fig. 6(b) presents the
results in more detail for a N, content up to 88%. We only
present the yields of H, since it is the most important reac-
tion product. Its density is almost one order of magnitude
higher than the second most import reaction product (i.e.
C,Hg); other hydrocarbons detected with the GC are C,H,,
C,H,, C3Hy and C4Hy, but they have an even lower density.
The H, selectivity is calculated to be around 40—60% for all
CH4/N, gas mixing ratios investigated. This means that for
every mole CH; converted 1 mol H, is produced; the
remaining H atoms are “lost” in the formation of higher
hydrocarbons.

The H, yield is in the order of 1-2% up to 50% N, content,
and increases to 40% at a N, content of 99%. These values are
again in agreement with literature results, at least for pure
CH, conversion in a DBD [47—49]. Moreover, the H, yield
shows the same trend upon increasing N, content as the CH,
conversion, as was also observed in the previous section,
since CHy is the main source of H atoms. The somewhat lower
experimental values for the H, yield are probably attributed to
polymerization on the reactor walls, a phenomenon which is
also observed in Horvath et al. [35]. Indeed a same polymerlike
deposition (which is not accounted for in the simulations) was
visible in our setup, resulting in a loss in the hydrogen and
carbon balance after reaction. This can explain the difference
between the calculated and experimental values. Further-
more, it should also be mentioned that determining the H,
selectivity, and thus by extension the H, yield, with gas
chromatography is quite challenging. However, overall, a
satisfactory agreement between calculations and experi-
ments is reached.

Again, the higher yield upon increasing N, content does
not compensate for the inherent drop of CH, content in the
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Fig. 7 — Calculated overall H, yield as a function of N,
content, for a residence time of 2.2 s and a SEl of 6 J cm 3,
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Fig. 8 — Calculated density of CH,, N2, H, GoHy, G3Hy, HCN
and NH; as a function of N, content (%) for a residence time
of 22sand a SEIof 6 J cm 3.

mixture, resulting in a lower overall H, yield upon increasing
N, content, as shown in Fig. 7.

Fig. 8 illustrates the calculated number densities of the
main components present (or formed) in the plasma. CHy, N;
and H, have the highest density, as expected. The CH, density
drops whereas the N, density rises with increasing N, content,
as is logical. The H, density is around one order of magnitude
lower than the CH, density, which is like expected from the
conversion values (in the order of a few %) seen in Fig. 4 above.
Only at high N, contents (i.e. above 90%), the H, density be-
comes larger than the CH, density, which corresponds to the
high conversion, illustrated in Fig. 4 above. The densities of
the higher hydrocarbon molecules (grouped as C,Hy and CsHy)
are at least an order of magnitude lower than the H, density.

As mentioned above, one of the reasons why we are
interested in studying the effect of higher N, contents in the
gas mixture is because of the possibility of forming N-con-
taining products, which can be of interest for the chemical
industry. The simulations indicate that some N-containing
species are formed, such as HCN and NHgj, and that their
densities increase with rising N, content, as shown in Fig. 8.
However, their densities are always several orders of magni-
tude lower than the N, density. The most abundant N-con-
taining species is HCN, which increases from 6-10** cm 3 (i.e.,
25 ppm with respect to the density corresponding to atmo-
spheric pressure) at 1% N,, to 2.4-10% cm 3 (i.e., 1000 ppm) at
99% N, content. NHj is still of lower importance, with a den-
sity around 10° cm ™3, or a concentration in the order of only
0.1 ppb. This is in qualitative agreement with our experi-
ments, since no N-containing species were detected. It should
be mentioned that the production of HCN and NH; in CH4/N,
mixtures was reported for packed bed DBD and other dis-
charges in literature [15—18,20,25], and it was mainly attrib-
uted to ionization of N, molecules. However, the latter process
occurs at higher electron energy than is reached for our
operating conditions, explaining why our calculations predict
only negligible amounts of HCN and NH; formed.

As the calculated and experimental results for the CH,
conversion and the H, yield are in good agreement in the
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entire range of CHy/N, gas mixing ratios (see Figs. 4 and 6), the
plasma chemistry in the model can be used to describe and
explain the observed trends, as will be done in the next two
sections.

4.2.2. Effect on the electron density

To explain the effect of the N, content on the CH4 conversion,
we should first take a look at the effect of the N, content on the
electron density. The maximum electron density for each
CH.4/N, mixture is illustrated in Fig. 9.

The maximum electron density drops significantly upon
increasing the N, content: it decreases almost exponentially
from 4.1 x 103 cm 3 at 1% N, content to 4.8 x 102 cm > at 99%
N, content. This is explained by the lower electron production
rate, which is dependent on electron impact ionization re-
actions. The most important electron production reactions
are:

e + CH4 —>CH;r +2e” (1)
e +CH;—~CH; +H+2e” )
e +N,—»N; +2e- (3)

For a N, content up to ~ 88%, reactions 1 and 2 are the
main contributors for electron production, whereas reaction 3
becomes the dominant electron production process for N,
contents above 88%. As the ionization potential of N, (i.e.,
15.6 eV for reaction 3) is higher than for CH, (i.e., 12.6 eV and
14.3 eV for reactions 1 and 2), the electron production by
electron impact ionization of N, is less efficient than by elec-
tron impact ionization of CH,, explaining the lower electron
production rate upon increasing N, content.

4.2.3. Kinetic analysis

a) N, metastable states
As illustrated in Figs. 4 and 6, the CH, conversion and H,
yield increase with increasing N, content, and this is attrib-

uted to collisions of CH, with singlet and triplet N, metastable
states (i.e., No(a’*Y",) and N»(A3Y"})), as will be shown below.

5x1013]L
4x10"

3x10"

Max. electron density (cm™)
N
ol
o,

O T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
N, content (%)

Fig. 9 — Calculated maximum electron density as a function
of N, content (ranging from 1 to 99%) for a residence time of
2.2sand aSElof 6 Jcm 3.

Therefore, it is interesting to start our kinetic analysis with
looking at the production and loss processes of these N,
metastable states.

The densities of the two N, metastable states included in
the model, i.e., the singlet Ny(a*Y",) and triplet N,(A3>"})
states, are plotted in Fig. 10, during one pulse and afterglow for
a N, content of 50% and a SEI of 6 ] cm 2. It is clear that their
densities, at the maximum of their profile, are several orders
of magnitude lower than the N, ground state density, as
shown in Fig. 8. The triplet Ny(A®Y7) state has the highest
density (which is three orders of magnitude lower than the N,
ground state density) and it occurs during the pulse and
afterglow, while the singlet Ny(a'y",) state has a density
which is still three orders of magnitude lower, and it only
occurs during the pulse. These trends will be explained below
based on the reaction rates.

The production of Ny(a?y,) and Ny(A3Y ) takes place
during the discharge pulse and is caused by electron impact
excitation:

e +N,—»e +N, <a’1z;) (@)

e Ny e + N (A7) ()

The production rate of these metastable states increases
with increasing N, content, which is logical. Furthermore, the
production rate of the triplet state is found to be one order of
magnitude higher than for the singlet state, due to the lower
excitation threshold, i.e. 6.17 eV for the triplet state compared
to 8.4 eV for the singlet state [34].

For the singlet state, the most important loss channels are
the Penning dissociation reactions with CHy, which only take
place during the pulse:

Ny(a*",) + CHe—CHs + H+ Ny 6)
Ny (0?2, ) + CHa—C 4+ 2H, + N, (7)
N_(A%)
10% ! L2
| |
1014 : :
m’\ | ]
v | |
E 10" " :
2 o
2 10%? : :
<] | | 9
a ' N,@%
10" !
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10" , —— |
10® 107 10°
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Fig. 10 — Calculated density of the N,(a* ") and N,(A®Y))
states during one pulse and afterglow fora N, content of
50% and a SEI of 6 ] cm™2. The grey dashed lines indicate
the start and the end of the micro-discharge pulse.
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Table 2 — Overview of the most important loss and formation reactions for CH,.

Loss processes

Formation processes

L1 e +CH, > e +CH;+H

L2 e +CHy —» e + CH, + H,
+

L3 Ny(A3Y)) + CH, > N, + CH; + H
u

L4 Ny(@*y) + CHy —» N, + CH; + H
u

L5 Ny(a™Y) + CHy = N, + C + 2H,
u

L6 CH + CH, —» G,H, + H

L7 GC,H + CH, — C,H, + CH;

F1 CHs; + H + CH; — CH4 + CHy
F2 CH; + H + N, - CHy + N,

F3 e + CsHg —» CHy + CoHy + €~
F4 e + C3Hg — CH, + CoHy + e

For the triplet state, the most important loss channel is the
quenching reaction with H,, followed by the Penning disso-
ciation reaction with CHy:

N, (A3ZI> +H;—»H; + N, 8)

N, <A3Z:) +CH,—CH; + H+ N, ©)

The quenching reaction takes place during the pulse as
well as during the afterglow. For low N, contents, the
quenching during the pulse appears to be dominant, but with
increasing N, content, quenching in the afterglow becomes
more important. Indeed, a higher N, content results in a
higher density of the metastable triplet state, and a lower CH,
and hence also lower H, density. As a result, not all the
metastable states are quenched during the pulse, so the
quenching continues in the afterglow and the latter becomes
more and more important with increasing N, content.

Overall, the singlet state is found to be quenched more
significantly than the triplet state, in agreement with litera-
ture [34]. The combination of higher production rate for the
triplet state and higher quenching rate of the singlet state,
explains why the triplet state has a higher density than the
singlet state, as is indeed apparent from Fig. 10 above.

As the triplet state has a higher density than the singlet
state, it will be the more important for the conversion of CH,.
On the other hand, the singlet state appears to be more
important for the production of H, as will be shown below.
This is explained because the triplet state is mainly quenched
by H,, and dissociation of CH, into CH; and H (i.e., Reaction 9
above), whereas the singlet state is also quenched by the
decomposition of CH, into C and 2H, molecules (i.e., Reaction
7 above). The reason that this decomposition can occur with
the singlet state and not with the triplet state is the higher
energy content of the former (as explained at the beginning of
this section).

b) Conversion of CHy

In order to better understand the influence of the N, con-
tent on the CH, conversion, we investigated the dominant
reaction pathways for the loss and formation of CH, for
several N, contents (i.e., 1, 10, 20, 30, 40, 50, 60, 70, 80, 90 and
99%). This kinetic analysis was performed by looking at the
time integrated rates of the various processes during the
pulse(s), the afterglow(s), as well as for the total time of 2.2 s,
including many pulses and afterglows.

Table 2 lists the most important loss (L1-L7) and formation
(F1—F4) processes for CHy and in Fig. 11 the time integrated
rates, as well as the relative contributions of these processes
are plotted as a function of N, content, for the total time of
2.2 s, as well as for the pulse(s) and the afterglow(s). It is clear
from this figure that CH, is mainly decomposed during the
pulse (see Fig. 11(a2)), whereas its formation occurs more in
the afterglow (see Fig. 11(al)). The same behavior was seen in
our previous work about dry reforming [10]. Furthermore, it is
also clear that the dominant reaction pathways change with
increasing N, content.

If we take a look at the loss processes first, we see a clear
shift in dominant loss processes when going from low to high
N, content. At low N, contents, the direct decomposition of
CH, by electron impact reactions (i.e., mainly reaction L1) is
the dominant loss process. However, with increasing N,
content the role of the N, metastable singlet and triplet states
becomes more important and especially reaction L3 (so-called
Penning dissociation by the triplet state) becomes the domi-
nant loss process. Only at 99% N, content, reactions L4 and L5
(i.e., Penning dissociation by the singlet state) become the
dominant loss processes.

If we take a look at the formation processes, it appears that
the three-body recombination of CHj radicals with H atoms,
with either CH4 or N, molecules as third body (i.e., reactions F1
and F2), is the dominant formation process, but we can again
notice a clear shift upon increasing N, content: up to a N,
content of 90%, the three-body recombination with CH, as
third body (i.e., reaction F1) is dominant, while above 90% the
three-body recombination with Nj (i.e., reaction F2) becomes
most important. This is logical, since the amount of CH, in the
mixture decreases and the amount of N, increases. The
reason why the relative contributions of both processes do not
change symmetric with N, content is because the recombi-
nation with CH, as third body is 3 times more efficient than
with N as third body [50].

From this analysis we can draw the following conclusions:
with increasing N, content the electron density drops, espe-
cially in the lower N, content range (up to about 20%), leading
to lower rates for the electron impact dissociation reactions of
CH, (i.e., reaction L1). Since this reaction is the prime source of
CHj, this results in a lower CH; density, which in turn results
in lower rates for the recombination reactions (i.e., reactions
F1 and F2; note that this cannot be seen in the plots of the
relative contributions, but it can be deduced from Fig. 11(al)).
So the lower loss rate is partially countered by lower forma-
tion rates, which explains why there is only a very small drop
in CH,4 conversion (as shown in Fig. 4 between 1 and 20% Ny)
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Fig. 11 — Time integrated rates of formation (al) and loss (a2) of CH,, and relative contributions of the various formation and
loss processes for the total time (b1-2), the pulse(s) (c1-2) and the afterglow(s) (d1-2), as a function of N, content for a
residence time of 2.2 s and a SEI of 6 ] cm ™3, The numbers of the reactions correspond to the numbers of Table 2.
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Table 3 — Overview of the most important loss and formation reactions for H,.

Loss processes

Formation processes

L1 e +H,>e +H+H
L2 CH, + H, » CH; + H
L3 C+H, > CH+H

F1 e +CHy —» Hy+CHy+ e

F2 e +CH; > H,+H+CH+ e

F3 e + C3Hg — Hy + CoHg + e~

F4 e + CyHg — Hy + CoHy + 7

F5 CH, + CH, — H, + C,H,

F6 CH, +H — H, + CH

F7 No(a? ) + CHy — 2H, + C + N,
u
u

F8 Ny(A3Y)) + CHy —» H, + CH, + N,
u

compared to the significant drop in electron density. At the
same time the role of the N, metastable states for the con-
version of CH, increases (see L3—L5 in Fig. 11(b2)), explaining
why the loss rate in Fig. 11(a2) drops less dramatically above
20% N, content, in spite of the fact that the electron density
keeps decreasing (cf. Fig. 9 above). Furthermore, by comparing
Fig. 11(al) and (a2), it is clear that the total loss rate drops less
than the total formation rate of CH, upon increasing N, con-
tent, so there will be a higher “absolute” conversion of CHa.
This explains why the CH, conversion starts increasing
rapidly above 20% N, content, as seen in Fig. 4 above, due to
dissociation upon collision with the N, metastable states.

c) Production of H,

As H, is the prime product of the CH4 conversion, with a
selectivity of about 40—60% (see above), it is also of interest to
take a look at the dominant reaction pathways for the for-
mation and loss of H, for several N, contents (i.e., 1, 10, 20, 30,
40, 50, 60, 70, 80, 90 and 99%) to obtain a better understanding
of the influence of the N, content on the H, yield. This kinetic
analysis will be performed again by looking at the time inte-
grated rates for the total time, the pulse(s) and the afterglow(s)
of the simulations.

Table 3 lists the most important loss (L1-L3) and formation
(F1-F8) processes for H, and Fig. 12 illustrates the time inte-
grated rates as well as the relative contributions of these
processes, for the above mentioned N, contents for the total
time, the pulse(s) and the afterglow(s). From this figure it is
clear that H, is almost exclusively formed during the pulse,
whereas it can be decomposed both in the pulse and after-
glow. However, when comparing Fig. 12(al) and (a2), it is
obvious that the formation rate is clearly higher than the loss
rate, so there will be a net formation of H,, for all N, contents,
although it will drop slightly upon increasing N, content, in
agreement with Fig. 7 above.

It also appears from Fig. 12 that the dominant reaction
pathways again change drastically with increasing N, content.
If we take a look at the production processes first, at low N,
contents, the direct decomposition of CH, and higher hydro-
carbons by electron impact reactions (i.e., reactions F1-F4) is
the dominant formation process for H,. However, with
increasing N, content, the role of the N, metastable singlet
state becomes increasingly important and reaction F7 be-
comes the dominant formation process for 30% N, content
and above. As far as the loss processes are concerned, at very

low N, content, electron impact dissociation of H, (i.e., reac-
tion L1) is dominant, while with increasing N, content, reac-
tion L3 rapidly becomes the most important loss process.

If we take a look at the relative contributions of formation
and loss during pulse and afterglow (i.e., Fig. 12(c1-c2-d1-d2)),
we see that even during the pulse the loss reaction L3 becomes
more important as a loss process above 10% N, content,
compared to electron impact dissociation (L1). During the
afterglow, reaction L3 is dominant at all N, contents. Since the
formation almost exclusively takes place during the pulse,
Fig. 12(c1) looks exactly like Fig. 12(b1), except for the radical
recombination reactions F5 and F6, which only occur during
the afterglow, see Fig. 12(d1).

From these results it can be concluded that with
increasing N, content the electron density drops, leading to
lower rates for the electron impact dissociation reactions
of CH; and higher hydrocarbons which produce H, (i.e.,
reaction F1—-F4). At the same time, the rate of the dominant
loss process L1, drops for the same reason. Furthermore,
the rates of processes L2, F5 and F6 also drop because the
prime source of CH, is electron impact dissociation of CH,
(process F1). Quickly the role of the N, metastable singlet
state increases (i.e., reaction F7), and becomes the domi-
nant production process of H, above 30% N, content.
Moreover, this reaction also leads to an increase in the
production of C atoms, which was also observed experi-
mentally by an increased amount of soot deposition in the
plasma reactor. This higher C production in its turn leads
to a higher rate of L3. Overall, the total H, formation rate is
much higher than the total loss rate, so that there is a net
formation of H, at all N, contents, although this overall
formation drops upon increasing N, content, as was also
shown in Fig. 7.

5. Conclusions

The goal of this paper was to investigate the effect of N, im-
purities (in the range of 1-50,000 ppm) as well as the effect of
N, as additive gas (in the range of 1-99%) on the CH4 con-
version and on the H, yield, and to find out whether nitro-
genated compounds could be formed. For this purpose a
combined experimental and computational study was per-
formed: a OD chemical kinetics model, called “Global_kin” was
applied to our experimental DBD setup.
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Fig. 12 — Time integrated rates of formation (a1) and loss (a2) of H,, and relative contributions of the various formation and
loss processes for the total time (b1-2), the pulse(s) (c1-2) and the afterglow(s) (d1-2), as a function of N, content for a
residence time of 2.2 s and a SEI of 6 ] cm 3. The numbers of the reactions correspond to the numbers of Table 3.
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The simulation results showed that the presence of N,
impurities in the ppm range only has a minor indirect influ-
ence on the CHy conversion and H, yield, as a result of the
decreasing electron density with increasing N, impurity
content.

The experiments and simulations for the effect of N, as
additive were in good agreement, for both CH, conversion and
H, yield, in the entire range of CH4/N, gas mixing ratios,
allowing us to perform a kinetic analysis based on the
modeling results.

The combined experimental and computational study
revealed that increasing the N, content has a large influence
on the CH, conversion and H, yield, since both clearly in-
crease with N, content. These trends are the result of the
interplay of several effects: (a) the decreasing electron den-
sity with increasing N, content lowers the contribution of the
electron impact reactions for both the CH, loss and H, pro-
duction; (b) the lower reaction rate constants for several
three-body reactions with N, as third body compared to CH,
lowers the recombination of species into CH,, partly coun-
teracting the lower CH, loss rates of the electron impact loss
reactions; and (c) with increasing N, content the role of the
N, metastable states becomes more important and Penning
dissociation reactions with CH, become the dominant loss
processes for CH, and the most important formation pro-
cesses for H,.

However, although the CH4 conversion and H, yield in-
crease upon rising N, content, this is not sufficient to

counteract the inherent lower CH, content in the gas mixture
with increasing N, content, thus the overall CH, conversion
and overall H, yield drop upon increasing N, content. Finally,
our calculations predict that only very low yields (in the ppm
and ppb level) of nitrogenated compounds (i.e., HCN and NHj,)
were produced, because the electron energy appears to be too
low for efficient ionization of N, which was reported in
literature to be the dominant precursor process for the for-
mation of these nitrogenated compounds.
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Appendix A

Table A1 — Electron impact reactions with the various molecules and radicals, included in the model. These reactions are

treated by energy-dependent cross sections, and the references where these cross sections were adopted from, are also

included.

No. Reaction Rate coefficient Ref.
1 e +CHy > C+Hy,+Hy,+e” f(o) [10]
2 e + CHy — CHy + e~ (o) [10]
3 e +CHy > CHif +e +e f(o) [10]
4 e +CH, - CHi +H+e +e f(o) [10]
5 e +CHy > CH; +Hy+e +e flo) [10]
6 e +CHy > CH;+H+e f(o) [10]
7 e +CHy —» CH, + Hy + e flo) [10]
8 e +CHy > CH+H,+H+e flo) [10]
9 e +CH; > CHf +H+e +e f(o) [10]
10 e +CH; - CH,+H+ e flo) [10]
11 e +CH; > CH+H, +e flo) [10]
12 e +CH; - CHi +e +e f(o) [10]
13 e +CH; > CH'"+Hy+e +e flo) [10]
14 e +CH, > CH"+H+e +e f(o) [10]
15 e +CH, > CH+H-+e flo) [10]
16 e +CH, - CH; +e +e f(o) [10]
17 e +CHy > C'+Hy+e +e (o) [10]
18 e +CH—->C'+H+e +e” f(o) [10]
19 e +CH—->C+H+e flo) [10]
20 e +CH - CH"+e +e” f(o) [10]
21 e +C—>Cr+e +e f(o) [10]
22 e + CoHg — CoHg + e~ flo) [10]
23 e” + CyHg — CoHE +e™ +e” f(o) [10]
24 e +CHg—> CH: +H+e +e f(o) [10]
25 e +CHs » CHi +Ho+e +e flo) [10]
26 e +CHg > CHf +Hy+H+e +e f(o) [10]

(continued on next page)
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Table A1l — (continued)

No. Reaction Rate coefficient Ref.
27 e +CyHg > CHy +Hy + Hy+ e +e” f(o) [10]
28 e +CHs > CHi + CHs + e +e flo) [10]
29 e +CHg > CoHs +H + e flo) [10]
30 e + CHg » CoHy + Hy + e flo) [10]
31 e +CHs > CHf +H+e +e f(o) [10]
32 e +CHs » CH3i +Ho+e +e f(o) [10]
33 e +CHs » CH} +Hy+H+e +e flo) [10]
34 e +CyHs > CHy+H+ e (o) [10]
35 e +CyHs > CyHs +H, + e flo) [10]
36 e +CHs —» GH +e +e” (o) [10]
37 e + CoHy — CoHy + e (o) [10]
38 e +GCHy - GHf +e +e flo) [10]
39 e +CHy > GHf +H+e +e f(o) [10]
40 e +CHy —» CHy +Hy+e +e” f(o) [10]
41 e +CHy > CoHz + H+ e f(o) [10]
42 e + CoHy — CoH, + Hy + € (o) [10]
43 e +CHs > GHf +H+e +e (o) [10]
44 e +CHy —» CH "+ Hy+e +e” f(o) [10]
45 e +CH; > CH, +H+e flo) [10]
46 e +CH; - CH+H, +e flo) [10]
47 e +CHs > CH3 +e +e” f(o) [10]
48 e + CoH, - CoH, + flo) [10]
49 e +CoH, > CHf + e +e” (o) [10]
50 e +CH, > CH+H+e flo) [10]
51 e +CH, > C,+Hy+e flo) [10]
52 e +CH > CH +e +e f(o) [10]
53 e +CH—>C,+H+e (o) [10]
54 e +CH—->C+CH+e flo) [10]
55 e +C > Cj+e +e flo) [10]
56 e +C,—>C+C+e flo) [10]
57 e + CsHg — CsHg + e~ flo) [10]
58 e +C3Hg > CoHY + CH; +e + e flo) [10]
59 e +C3Hg » CHi + CHs+e +e flo) [10]
60 e +CsHg —» C3Hy +H + e flo) [10]
61 e + C3Hg — C,Hy + CHy + e~ flo) [10]
62 e + CsHg — C3Hg +H, + e~ flo) [10]
63 e +C3H; » CH: + CHy +e +e flo) [10]
64 e +CsH; > CHf +CH; +e +e f(o) [10]
65 e +C3H; > C,Hi + CHy + e +e” f(o) [10]
66 e +CsH; > CHY +CHy+e +e f(o) [10]
67 e + CsH; — CoHy + CHs + e~ (o) [10]
68 e + C3H; - CoHs + CHy + e~ flo) [10]
69 e +C3H; > CGsHg+ H + e (o) [10]
70 e +CsH; > C3Hs +H, + e flo) [10]
71 e +GCsHg > GHi +CH+e +e” (o) [10]
72 e +CsHg > CoHf +CHy, +e + e f(o) [10]
73 e +C3Hg » CoH3 + CHz +e +e flo) [10]
74 e +CsHg > CoH3 + CHy+ e + e f(o) [10]
75 e +C3Hg —» CHf + CoHs + e + e~ f(o) [10]
76 e +CsHg > C3Hs +H + e flo) [10]
77 e + CsHg — CoHp + CHy + €~ (o) [10]
78 e +CsHs —> CHY + CHy + e + e (o) [10]
79 e +CsHs » CoHy + CHs; +e” +e” f(o) [10]
80 e +C3Hs > CHY +CHy +e +e f(o) [10]
81 e + CsHs — CoH, + CHs + e~ (o) [10]
82 e +H,»>e +H, flo) [43]
83 e + H, — Hy(rot) + e flo) [43]
84 e~ + H, — Hy(rot.) + e~ flo) [43]
85 e + H, — Hy(vib)) + e~ (o) [43]
86 e~ + H, — Hy(vib.) + e~ flo) [43]
87 e +H, > H'+e (o) [43]
88 e +Hy, > Hyf + e flo) [43]
89 e +H,—»>e +H+H flo) [43]
90 e +H, > e +e +H; flo) [43]
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Table A1l — (continued)

No. Reaction Rate coefficient Ref.
91 e +Hy - Hyf +e” flo) [43]
92 e +H > Hy+e” flo) [43]
93 e +Hy >Hf +e +e flo) [43]
94 e +H—e +H flo) [43]
95 e +H->H +e flo) [43]
96 e +H->H+e flo) [43]
97 e +H->H+e flo) [43]
98 e +H—-e +H +e” flo) [43]
99 e +H" > H +e flo) [43]
100 e +H" > H+e flo) [43]
101 e +H* > H'+e +e° flo) [43]
102 e +N,—>e +N, flo) [43]
103 e +N, > e + Nz(rot) flo) [43]
104 e + N, — Ny(vib)) + (o) [43]
105 e + N, — Ny(vib.) + (o) [43]
106 e + N, — Ny(vib.) + flo) [43]
107 e + N, — Ny(vib.) + (o) [43]
108 e + N, — Ny(vib.) + flo) [43]
109 e + N, — Ny(vib.) + f(o) [43]
110 e + N, — Ny(vib)) + (o) [43]
111 e +N, > e +N, (A3) flo) [43]
112 e +N, > e +Ny@a? flo) [43]
113 e +N, > e +N+N (o) [43]
114 e +N, - e + N +N+e” flo) [43]
115 e +N, > e +e +NJ flo) [43]
116 e + Ny(vib.) — Ny(vib.) + e (o) [43]
117 e + Ny(vib.) - Np +e” flo) [43]
118 e + Ny(vib.) —» N (A% + e f(o) [43]
119 e + Np(vib.) > N3 +e +e” flo) [43]
120 e + N, (A% - e + N, (A?) f(o) [43]
121 e+ Ny, (A% > e +N, flo) [43]
122 e + N, (A% — Ny(vib.) + e flo) [43]
123 e+ Ny (A% > e +Nj +e f(o) [43]
124 e +Ny@?l) - Ny@?%) + e flo) [43]
125 e +Ny@Y) > e +N, flo) [43]
126 e +Ny@l) > Nf +e +e flo) [43]
127 e +N—oe +N flo) [43]
128 e +N—>e +N* flo) [43]
129 e +N—->e +N"+e” flo) [43]
130 e +N* - e +N* flo) [43]
131 e +N' ->e +N flo) [43]
132 e+ N - e +N"+e” flo) [43]
133 e +NH - NH + e flo) [43]
134 e +NH—->N+H+e flo) [43]
135 e +NH > N"+H+e +e” flo) [43]

Table A2 — Electron-ion reactions included in the model and the references where these data were adopted from. Some
reactions are treated by energy-dependent cross sections, for others the reaction coefficients are given by the Arrhenius
function: k(T) = A (T/300 K)" exp(-E/RT) where T is the gas mixture temperature (in K) and A is given in units of cm® s~ for

two-body collisions and in cm® s~ for three-body collisions. In the latter case, the values for A and n are listed in the table.
If no values are listed for n and E/R, it means that these values are assumed to be zero, and the rate coefficient is just equal
to A.

No. Reaction A n Ref
1 e +CHf - CH;+H+H 2.57E-07 —0.30 [10]
2 e +CH: > CH,+H,+H 6.61E-08 -0.30 [10]
3 e +CHi — CH;+H 1.18E-08 —0.50 [10]
4 e +CH; > CH,+H+H 2.42E-08 —0.50 [10]
5 e +CHf > CH+H,+H 1.41E-08 —0.50 [10]
6 e +CH3 - CH,+H 2.25E-08 —0.50 [10]
7 e +CH3 —» CH+H, 7.88E-09 —0.50 [10]
8 e +CHi D CH+H+H 9.00E-09 —0.50 [10]

(continued on next page)
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Table A2 — (continued)

No. Reaction A n Ref
9 e +CHf - C+H,+H 1.69E-08 —0.50 [10]
10 e +CH; > CH+H 1.00E-08 —-0.50 [10]
11 e +CHj > C+H, 4.82E-09 —0.50 [10]
12 e +CHf > C+H+H 2.53E-08 —0.50 [10]
13 e +CH"->C+H 3.23E-08 —0.42 [10]
14 e +CH¢ » CHs + H 2.19E-08 -0.71 [10]
15 e +CHf » CHy+H+H 3.36E-08 -0.71 [10]
16 e + CH: —> CH, + H 7.70E-09 -0.71 [10]
17 e +CoHé » CHz + H+ H 1.92E-08 -0.71 [10]
18 e +CHé > CH, + Hy + H 1.60E-08 -0.71 [10]
19 e +CH: - CH, +H+H+H 8.98E-09 -0.71 [10]
20 e + C,H — GHj + CH, 9.62E-09 —-0.71 [10]
21 e + GCHj — CHs +H 8.29E-09 -0.71 [10]
22 e +CHf » GH, +H+H 3.43E-08 —-0.71 [10]
23 e +CoHf » CH+Hy,+H 5.53E-09 -0.71 [10]
24 e +CHf » CH, + H 1.34E-08 -0.71 [10]
25 e +CHf > CH+H+H 2.74E-08 -0.71 [10]
26 e +CHj » CH+H 1.87E-08 -0.71 [10]
27 e +CHf > C,+H+H 1.12E-08 -0.71 [10]
28 e + C,Hj — CH + CH 4.87E-09 -0.71 [10]
29 e +CH" > C,+H 1.34E-08 -0.71 [10]
30 e +CH" > CH+C 1.09E-08 -0.71 [10]
31 e +CGH" > C+C+H 4.29E-09 -0.71 [10]
32 e +Cf>C+C 1.19E-08 —0.71 [10]
33 e +Hi > H,+H flo) [43]
34 e +H{  H+H+H f(o) [43]
35 e +H; -H+H flo) [43]
36 e +H" > H f(o) [43]
37 e +Nf > N+ Ny 3.21E-07 —-0.50 [43]
38 e +Ni >N, +N+N 3.13E-07 —0.41 [43]
39 e +N§f > N+ N, 3.22E-08 -0.50 [43]
40 e +N; - N+N f(o) [43]
41 e +M+Nj - Ny +M 4.31E-34 —4.50 [43]
42 e +N' > N (o) [43]
43 e +N" +M—>N+M 2.49E-29 -1.50 [43]
44 e +Hi > Hf +e f(o) [43]
45 e +H{ - e +H +H" flo) [43]
46 e +Hi e +H+H+H" f(o) [43]
47 e +Hj e +Hj flo) [43]
48 e +H; e +H"+H f(o) [43]
49 e +Hf - H'+H (o) [43]
50 e +H' - e +H' (o) [43]
51 e +H'+e —»e +H 8.80E-27 —4.50 [43]
52 e +H —»e +e +H f(o) [43]
53 e +H —-e +H flo) [43]
54 e +Nj - e +Nj f(o) [43]
55 e+ N3 > e +Nj flo) [43]
56 e +Nj - e +Nj f(o) [43]
57 e +e +NJ > Ny+e 7.18E-27 —4.50 [43]
58 e +N" > e +N" f(o) [43]
59 e +N"+e - N+e 5.40E-24 —4.50 [43]

Table A3 — Ion—ion reactions included in the model and the references where these data were adopted from. Reaction
coefficients are given by the Arrhenius function: k(T) = A (T/300 K)" exp(-E/RT) where T is the gas mixture temperature (in K)

and A is given in units of cm® s~ * for two-body collisions and in cm® s~ for three-body collisions. If no values are listed for
n and E/R, it means that these values are assumed to be zero, and the rate coefficient is just equal to A.

No. Reaction A n Ref.
1 H +Hi >H,+H+H 1.00E-07 [43]
2 H +Hf > H+H, 2.00E-07 —0.50 [43]
3 H +Hf > H+H+H 1.00E-07 [43]
4 H +H +M>H+H,+M 2.00E-25 —2.50 [43]
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Table A3 — (continued)

No. Reaction A n Ref.
5 H"'+H - H+H 2.00E-07 —0.50 [43]
6 H'+H +M>H+H+M 2.00E-25 —2.50 [43]
7 H +Nj - N+ N, +H 1.00E-07 [43]
8 H +N§ > NH+N, 3.00E-06 ~0.50 [42]
9 H +Nf > N+N,+H 1.00E-07 [43]
10 H +NJf > N, +H 2.00E-07 —0.50 [43]
11 H +N;j > N+N+H 1.00E-07 [43]
12 H +Nf +M—> N, +H+ M 2.00E-25 ~2.50 [43]
13 H +N" > N+H 2.00E-07 —0.50 [43]
14 H +N"+M — NH+M 2.00E-25 —2.50 [43]

Table A4 — Neutral-neutral reactions included in the model and the references where these data were adopted from.
Reaction coefficients are given by the Arrhenius function: k(T) = A (T/300 K)" exp(-E/RT) where T is the gas mixture

temperature (in K) and A is given in units of cm® s~ for two-body collisions and in cm® s~ for three-body collisions. If no
values are listed for n and E/R, it means that these values are assumed to be zero, and the rate coefficient is just equal to A.

No. Reaction A n E/R Ref.
1 CH, + CH, — CH; + CH, 3.01E-19 [10]
2 CH; + CH — C,Hy + H 9.74E-11 [10]
3 CH, + C,Hs — C,Hg + CH; 1.83E-24 [10]
4 CH, + C,H; — C,H, + CH, 2.28E-18 [10]
5 CH, + C,H — C,H, + CH; 1.31E-12 [10]
6 CH, + CsH; — CsHg + CHs 4.38E-24 [10]
7 CH,+H — CH; + H, 8.43E-19 [10]
8 CH, + CH; — C,Hs + H 2.71E-19 [10]
9 CHs + CH; + CH, — CoHg + CH, 4.23E-29 —0.784 310 [33,50]
10 CHs3 + CH3 + N, — C,Hg + Ny 1.41E-29 —0.784 310 [33]
11 CH; + CH, — G,Hs + H 7.01E-11 [10]
12 CH; + C,Hg — C,Hs + CH, 7.21E-21 [10]
13 CH; + C,Hs — C,H, + CHy 1.91E-12 [10]
14 CH; + C,Hs + CH, — CsHg + CH, 1.00E-28 [10]
15 CHs + CoHs + N, — CsHg + N, 1.00E-28 [10]
16 CHs + C,Hy — C,Hs + CHy 1.94E-21 [10]
17 CH; + C,H; — C,H, + CH, 6.51E-13 [10]
18 CH; + C,H; + CH, — CsHg + CH, 4.91E-30 [10]
19 CH; + C,H; + N, — CsHg + N, 4.91E-30 [10]
20 CH; + C,H, — CH, + C,H 7.65E-26 [10]
21 CHs + CsHg — CsH, + CH, 1.02E-20 [10]
22 CH; + CsH; — CsHg + CH, 3.07E-12 [10]
23 CH, + C3Hg — CsHs + CH, 1.24E-19 [10]
24 CH; + H, » CH, + H 9.60E-21 [10]
25 CHs; + H — CH, + H, 9.96E-22 [10]
26 CH; + H + CH; — CH, + CH, 2.97E-28 [10]
27 CH; +H+N, > CH, + N, 4.09E-29 —1.15 175 [33]
28 CH, + CH, — C,H, + Hy 5.27E-11 [10]
29 CH, + C,Hs — C,H, + CH; 3.01E-11 [10]
30 CH, + C,H; — C,H, + CH;, 3.01E-11 [10]
31 CH, + C,H — C,H, + CH 3.01E-11 [10]
32 CH, + C3Hg — C5H, + CH; 1.02E-20 [10]
33 CH, + CsH; — CoH, + CoHs 3.01E-11 [10]
34 CH, + C3H; — C5Hg + CH; 3.01E-12 [10]
35 CH, + CsHg — CsHs + CH; 3.65E-17 [10]
36 CH, + H, » CH; + H 5.00E-15 [10]
37 CH,+H — CH + H, 2.01E-10 [10]
38 CH + C,Hg + CH, — C5H, + CH, 1.14E-29 [10]
39 CH + C,Hg + N, — C3Hy + Ny 1.14E-29 [10]
40 CH + H, - CH, + H 6.80E-13 [10]
41 CH+H— C+H, 1.00E-10 [10]
42 C+H, - CH+H 1.50E-10 [10]
43 CyHg + GoH3 — GoHs + CoHy 3.39E-21 [10]
44 C,Hg + GoH — CoH, + C,Hs 5.99E-12 [10]

(continued on next page)
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Table A4 — (continued)

No. Reaction A n E/R Ref.
45 CoHe + CaH, — CyHg + CoHs 3.16E-22 [10]
46 C,Hg + H — CyHs + Hj 4.96E-17 [10]
47 CoHs + CoHs — CoHe + CoH, 2.41E-12 [10]
48 CyHs + CoH — CyHy + CoHap 3.01E-12 [10]
49 CoHs + CsHg — CoHe + CsH, 3.62E-22 [10]
50 C,Hs + C3H; — CsHg + CoHy 1.91E-12 [10]
51 CoHs + CsH, — CsHe + CoHg 2.41E-12 [10]
52 CoHs + CaHg — GsHs + CoHg 2.53E-20 [10]
53 CoHs + CaHs — CsHe + CoH, 5.36E-12 10]
54 CoHs + Hy —» CHg + H 2.97E-21 [10]
55 CoHs + H — CH, + CHs 5.99E-11 10]
56 C,Hs + H — CoH, + Hy 3.01E-12 [10]
57 C,Hs + H + CH, — CoHg + CH, 9.20E-30 [10]
58 CoHs + H + N, — CoHg + N, 9.20E-30 [10]
59 CoHy + CoH — GoH, + CoHs 1.40E-10 [10]
60 CH, + H — C,Hs + Hy 4.92E-21 [10]
61 C,H, + H + CH, — CoHs + CH, 3.66E-30 10]
62 CoHs + H+ Ny — CoHs + Ny 8.19E-30 [10]
63 CoHs + CoHs — GoHy + CoH, 1.60E-12 10]
64 C,Hs + G,H — CyH, + CoH, 1.60E-12 [10]
65 CoHs + CsHg — GoH, + CsH, 3.40E-21 10]
66 C,H3 + C3H; — C3Hg + CoHy 2.01E-12 [10]
67 CoHs + CaHy — CsHe + CoHy 2.01E-12 [10]
68 CoHs + GsHg — GsHs + CoH, 6.58E-19 [10]
69 CoHs + CaHs — GsHe + CoH, 8.00E-12 [10]
70 CHs +H, - CoHy +H 9.78E-20 [10]
71 CoHs + H — CoH, + H, 2.01E-11 [10]
72 C,H; + H+ CHy — C,Hy + CHy 8.26E-30 [10]
73 CoHs + H+ N, — CoHy + N 8.26E-30 10]
74 C,Hy + CH —» C4Hy, + H 1.50E-10 [10]
75 CH, + H — C,H + Hy 6.12E-27 [10]
76 C,H, + H + CHs — C,Hs + CHy 2.81E-31 [10]
77 C,H, + H+ N, — C,Hs + Ny 5.05E-31 [10]
78 C,H + G,H — GyH, + Cy 3.01E-12 [10]
79 G,H + GsHg — CoH, + CsH, 5.99E-12 10]
80 C,H + GsH, — CsHg + CoH, 1.00E-11 [10]
81 CoH + GsHg — CsHs + CoH, 5.99E-12 [10]
82 C,H+H, - CH, +H 1.52E-13 [10]
83 C,H + H + CH, — C,H, + CH, 9.44E-30 [10]
84 Co,H+ H+ N, —» CHy; + Ny 9.44E-30 [10]
85 Cs3Hg + H — C3H; + Hy 5.15E-17 [10]
86 CsH, + CsH, — CsHe + CsHs 2.81E-12 [10]
87 CsHy + CaHg — GsHs + CaHg 2.53E-20 [10]
88 CsH, + CsHs — CsHe + CaH 3.00E-12 10]
89 C3H; + H, —» C3Hg + H 7.12E-21 [10]
% CsH, + H — CsHe + Hp 3.01E-12 [10]
91 CaH, + H + CH, — CHg + CH, 3.96E-30 [10]
92 CsH, + H+ N, — CsHg + N» 3.96E-30 10]
93 Cs3Hg + H — C3Hs + Hj 6.94E-15 [10]
9 CsHeg + H + CH, — CsH, + CH, 3.79E-33 [10]
95 CsHg + H + Ny, — CsHy + N 3.79E-33 [10]
% CsHs + H + CH, — CsHe + CH, 1.33E-29 [10]
97 CsHs + H + N, — CsHg + N, 1.33E-29 [10]
98 CH4 + CN — CHs; + HCN 1.00E-11 857 [38]
99 CHs + N+ H — NH + CHy 5.00E-32 [44]
100 CH3; + N — HCN + H, 1.40E-11 [38]
101 CH; + N — H,CN + H 9.61E-11 [38]
102 CH, + N - HCN+H 5.00E-11 250 [38]
103 CH,+N— CN+H+H 1.60E-11 [38]
104 CH, + N — H; + CN 1.60E-11 [33]
105 C+N; - CN+N 1.04E-10 23,000 [38]
106 C,Hs + N — HCN + CHj 3.30E-14 353 [33]
107 CH; + N — CH + HCN 2.70E-15 [33]
108 CsHg + N — HCN + C,Hs 1.94E-13 654 33]

109 H,+H—->H+H+H 4.67E-07 —1.00 55,000 [43]
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Table A4 — (continued)

No. Reaction A n E/R Ref.
110 H, +N - NH+H 1.69E-09 18,095 [43]
111 H, + N + NH; — NH, + NH; 1.00E-36 [44]
112 H, + CN — H + HCN 4.98E-19 2.45 1118 [38]
113 H + HCN + N, — H,CN + N, 4.84E-30 2440 [33]
114 H+H+ CHy, —» H, + CH, 6.00E-33 [10]
115 H+H+H, > H, +H, 4.00E-32 —1.00 [43]
116 H+H+N, > H, + N, 2.00E-32 ~1.00 [43]
117 H+ N+ N, —» NH + N, 5.00E-32 [43]
118 H+ N+ H, - NH + H, 1.00E-31 [43]
119 H + NH, — NH + H, 1.00E-11 [33]
120 H+ NH; + M — NH; + M 6.00E-30 [44]
121 H+NH - H, +N 1.70E-11 [43]
122 H + H,CN — HCN + H, 5.02E-10 0.50 [33]
123 N, +CN - N, + C+ N 4.15E-10 70,538.50 [38]
124 N+ CH — CN + H 2.10E-11 [33]
125 N+CN - C+N, 6.64E-11 [38]
126 N + H,CN — HCN + NH 6.70E-11 [38]
127 N+N+N, - N, + N, 1.38E-34 —~500 [43]
128 N+ N + H, — N, + H, 2.50E-34 —500 [43]
129 N,H4 + N — N,H, + NH, 1.30E-13 [44]
130 N,H, + H > N,H; + H, 1.20E-11 1260 [44]
131 N,oHs3; + H — NH;, + NH, 2.70E-12 [44]
132 N,H, + NH, — NH; + N,H;, 5.20E-13 [44]
133 N,H; + N,H; — NH; + NH; + N, 5.00E-12 [44]
134 N,H; + NoH; — NoH, + NoH, 2.00E-11 [44]
135 NoH, +H - N, + Hy, + H 4.50E-13 2.63 —-115 [44]
136 N,H, + NH, — N, + H + NH, 1.50E-13 4.05 ~810 [44]
137 NH; + H > H, + NH, 6.50E-13 2.76 5135 [44]
138 NH; + NH + NH; — N,H, + NH; 1.00E-33 [44]
139 NH, + H, — NH3; + H 2.10E-12 4277 [44]
140 NH, + N — N, + H+ H 1.20E-10 [44]
141 NH, + NH, + NH3; — N,H,; + NH3 6.90E-30 [44]
142 NH, + NH, — H, + N,H, 6.60E-11 6000 [33]
143 NH, + NH, — NH + NH; 8.30E-11 5030 133]
144 NH, + NH, — N,H, 8.00E-11 [33]
145 NH, + NH — NyHj3 1.20E-10 [44]
146 NH+N — H+N, 2.50E-11 [43]
147 NH + NH, — H + NyH, 5.25E-11 500 [33]
148 NH + NH — N,H, 3.50E-12 [44]
149 NH+NH+M — H, + N, + M 1.00E-33 [38]
150 NH + NH — H + N,H 2.29E-11 0.50 500 [33]
151 NH + NH — NH, + N 5.72E-12 0.50 1000 [33]
152 NH + NH —» N, + H + H 1.20E-09 [43]
153 NH + NH — N, + H, 1.70E-11 [43]

Table A5 — Ion—neutral reactions included in the model and the references where these data were adopted from. Reaction

coefficients are given by the Arrhenius function: k(T) = A (T/300 K)" exp(-E/RT) where T is the gas mixture temperature (in K)
and A is given in units of cm® s~ for two-body collisions and in cm® s~* for three-body collisions.

No. Reaction A n E/R Ref.
1 CH{ + CH, — CHjJ + CH, 9.60E-10 [10]
2 CH# + CH — CH{ + CH, 6.90E-10 [10]
3 CHZ + C —» CH' + CH, 1.20E-09 [10]
4 CH{ + CoHg — C,He + H, + CH, 2.25E-10 [10]
5 CH: + CoH, — CoHi + CH, 1.50E-09 [10]
6 CH: + G,H, — G,Hi + CH, 1.60E-09 [10]
7 CHZ + C,H — C,H3 + CHy 9.00E-10 [10]
8 CHZ + C, - C,H' + CH, 9.50E-10 [10]
9 CH: + H - CHf + H, 1.50E-10 [10]
10 CHf + CH, — CHZ + CH, 1.50E-09 [10]
11 CHYf + C,Hg — CoHY + CH, + Hy 1.91E-09 [10]
12 CHj + G,H, — G,Hi + CH, 4.23E-10 [10]

(continued on next page)
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Table AS — (continued)

No. Reaction A n E/R Ref.
13 CH + C,H, — C,Hi + CH, 1.38E-09 [10]
14 CHY + C,H, — C,Hj + CHs 1.23E-09 [10]
15 CHf + C,H, — C,H3 + CH, 1.13E-09 [10]
16 CH{ + H, — CH{ + H 3.30E-11 [10]
17 CHf + H — CH{ + H, 1.00E-11 [10]
18 CHj + CH, — CH{ + CH;, 1.36E-10 [10]
19 CHf + CH, — C,H? + H, 1.20E-09 [10]
20 CHYf + CH, — C,H{ + H, 9.90E-10 [10]
21 CH{ + CH — G,Hj3 + H, 7.10E-10 [10]
22 CH3 +C - C,H" + H, 1.20E-09 [10]
23 CHj + C,Hg — C,H:Z + CH, 1.48E-09 [10]
24 CHj + C,H, — C,Hi + CH, 3.50E-10 [10]
25 CHj + C,H; — C,H + CHs 3.00E-10 [10]
26 CHj + CH, — CHj + CH; 1.38E-10 [10]
27 CHj + CH, — CH? + H 3.60E-10 [10]
28 CHj + CH, — C,H{ + H, 8.40E-10 [10]
29 CHj + CHs — C,Hf + H, + H 2.31E-10 [10]
30 CHZ + CH, — CoH3 + H, + Hy 3.97E-10 [10]
31 CHj +C > CH' +H 1.20E-09 [10]
32 CHj + H, » CHi + H 1.60E-09 [10]
33 CH' + CH, —» C,Hf + H 6.50E-11 [10]
34 CH' + CH, — C,H{ + H, 1.09E-09 [10]
35 CH' + CH, —» C,Hf + H, + H 1.43E-10 [10]
36 CH' + CH, —» C,H' + H, 1.00E-09 [10]
37 CH" + CH — C3 + H, 7.40E-10 [10]
38 CH"+C—>C§ +H 1.20E-09 [10]
39 CH" + H, —» CH3 + H 1.20E-09 [10]
40 CH"+H - C"+H, 7.50E-10 [10]
41 C*+CHy —» GHY +H 1.10E-09 [10]
42 C* + CH, — C,Hf + H, 4.00E-10 [10]
43 C" 4+ CH; —» C,Hf + H 1.30E-09 [10]
a4 Ct + CH; —» C,H' + H, 1.00E-09 [10]
45 C'+ CH, — CH{ +C 5.20E-10 [10]
46 C*+CH, » C,H" + H 5.20E-10 [10]
47 C*+CH — CH" +C 3.80E-10 [10]
48 Ct+CH > Cj+H 3.80E-10 [10]
49 C* + C,Hg — G,HY + CH 2.31E-10 [10]
50 C* + CHg — C,Hf + CH, 1.16E-10 [10]
51 C* + C,Hg — C,Hf + CHs 4.95E-10 [10]
52 C* + C,Hg — G,HJ + CH, 8.25E-11 [10]
53 C" 4+ C,Hs — G,HZ +C 5.00E-10 [10]
54 C* + C,Hy — GHf + C 1.70E-11 [10]
55 C* + CoHy — G,HY + CH 8.50E-11 [10]
56 Ct+H - C+H 2.30E-07 [10]
57 C,H¢ + C,H, — C,Hf + C,Hg 1.15E-09 [10]
58 C,H¢ + C,H, — C,HE + C,Hs 2.47E-10 [10]
59 C.Hf + H > C,H# + H, 1.00E-10 [10]
60 C,Ht + H — C,Hi + H, 1.00E-11 [10]
61 CoHY + CyH; — C,HE + CoH, 5.00E-10 [10]
62 C,H{ + C,H; — CoHi + CoH, 5.00E-10 [10]
63 CHi + H — C,Hj + H, 3.00E-10 [10]
64 C,H{ + C,Hs — CoHE + CoHa 2.91E-10 [10]
65 C.Hi + C,Hy — CoHE + CH, 8.90E-10 [10]
66 C.H{ + C,H; — C,HE + CH 5.00E-10 [10]
67 GoHY + CoH — GoHF + GoH, 3.30E-10 [10]
68 CH{ + H > C,Hj + H, 6.80E-11 [10]
69 C.HJ + CH, — C,H{ + CH; 4.10E-09 [10]
70 CQH; + CoHe — CzH;r + CHs 1.31E-10 [10]
71 C.HJ + C,Hg — CoHi + CoH, 2.48E-10 [10]
72 C,H3 + C,H, — CoHi + GH, 4.14E-10 [10]
73 C.H7 + C,H; — C,HE + GH, 3.30E-10 [10]
74 C,H3 + H, —» C,HY + H 1.00E-11 [10]
75 C,H" + CH, — C,Hj + CH; 3.74E-10 [10]

76 C,H" + CH, —» CHi + C, 4.40E-10 [10]
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Table A5 — (continued)

No. Reaction A n E/R Ref.
77 C,H" + CH — CHj + C, 3.20E-10 [10]
78 C,H* + H, — C,Hf + H 1.10E-09 [10]
79 C3 + CHy — C,H3$ + CH, 1.82E-10 [10]
80 C3 + CHy — G,H' + CH; 2.38E-10 [10]
81 C3 + CH, — CHJ + G, 4.50E-10 [10]
82 C3 +CH - CH'"+C, 3.20E-10 [10]
83 C3 +H, > CH" +H 1.10E-09 [10]
84 Hi + CH, — CH# + H, 2.40E-09 [10]
85 Hj + CH; — CHf + H, 2.10E-09 [10]
86 Hi{ + CH, —» CH3 + H, 1.70E-09 [10]
87 Hi + CH — CHj + H, 1.20E-09 [10]
88 H{ +C —» CH" + H, 2.00E-09 [10]
89 Hi + C,Hg — CoHd + H, + H, 2.40E-09 [10]
90 Hi + C,Hs — C,HZ + H, 1.40E-09 [10]
91 Hi + C,Hy — C,He + H, 1.15E-09 [10]
92 Hi + CoHy — CoHi + Hy + Hy 1.15E-09 [10]
93 Hf + CH; — CHE + H, 2.00E-09 [10]
94 Hi + C,H, —» C,HY + H, 3.50E-09 [10]
95 Hj + CH, —» CHZ + H 1.14E-10 [10]
9% Hj + CH, — CHf + H, 1.40E-09 [10]
97 Hf + CHy > CHf + H, + H 2.30E-09 [10]
98 Hj + CH, » CHj + H 1.00E-09 [10]
99 H3 + CH, —» CHy + H, 1.00E-09 [10]
100 Hi + CH - CH; + H 7.10E-10 [10]
101 H3 + CH — CH" + H, 7.10E-10 [10]
102 H{ +C > CH"+H 2.40E-09 [10]
103 H$ + C,Hg — CoHe + H, 2.94E-10 [10]
104 Hi + CoHg — CoH + Hy, + H 1.37E-09 [10]
105 H$ + C,He — C,HZ + H, + H, 2.35E-09 [10]
106 H$ + C,Hg — CoHi + Hp + Hy + H 6.86E-10 [10]
107 H} + C,Hg — C,H3 + H, + Hy + Hy 1.96E-10 [10]
108 H} + C,H, — CHf + H, 2.21E-09 [10]
109 Hj + CoHy — CoHi + Hy + H 1.81E-09 [10]
110 Hi + C,H, — CoHi + Hy + Hy 8.82E-10 [10]
111 Hj + C,H, — C,HY + H 4.80E-10 [10]
112 Hi + G,H, — C,H3 + H, 4.82E-09 [10]
113 Hj + CH — C,Hj + H 1.00E-09 [10]
114 Hj + CH > C,H' + H, 1.00E-09 [10]
115 Hi + C, » C,H' + H 1.10E-09 [10]
116 Hj + C, » Cf + H, 1.10E-09 [10]
117 Hi +H, » H, + H" + H 1.00E-08 84,100 [43]
118 Hi +H —» Hi +H 2.10E-09 [43]
119 Hi +H — H, + H' 6.39E-10 [43]
120 Hf + N - N* + H, 5.00E-10 [43]
121 H* + CH, — CH{ + H 1.50E-09 [10]
122 H' + CH, — CHi + H, 2.30E-09 [10]
123 H' + CH; — CHj + H 3.40E-09 [10]
124 H* + CH, —» CHj + H 1.40E-09 [10]
125 H" + CH, » CH" + H, 1.40E-09 [10]
126 H* + CH — CH' + H 1.90E-09 [10]
127 H" + C,Hg — C,HZ + H, 1.30E-09 [10]
128 H" + C,Hg — C,Hf + H, + H 1.40E-09 [10]
129 H* + CHg — CoHi + Hy + Hy 2.80E-09 [10]
130 H* + G,Hs — C,Hf + H, 1.65E-09 [10]
131 H" + C,Hs —» C,HY + H, + H 3.06E-09 [10]
132 H* + CH, — CHf + H 1.00E-09 [10]
133 H* + C,H, — CH{ + H, 3.00E-09 [10]
134 H* + C,Hy — C,HY + H, + H 1.00E-09 [10]
135 H* + CH; —» C,Hf + H 2.00E-09 [10]
136 H* + C,Hs — C,Hf + H, 2.00E-09 [10]
137 H* + CH, —» C,Hf + H 5.40E-10 [10]
138 H" + C,H —» C,H" + H 1.50E-09 [10]
139 HY + CH > Cf + H, 1.50E-09 [10]
140 H'+C,—> Cj +H 3.10E-09 [10]

(continued on next page)
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Table AS — (continued)

No. Reaction A n E/R Ref.
141 H*+H,+M — Hi + M 1.50E-29 [43]
142 H " +H+M—> Hf + M 1.00E-34 [43]
143 H*+N —> N +H 5.00E-11 [43]
144 H + CHs; —» CH; + e 1.00E-09 [10]
145 H™ + CH, —» CH; + e~ 1.00E-09 [10]
146 H +CH — CH,; + e~ 1.00E-10 [10]
147 H +C—>CH+e 1.00E-09 [10]
148 H + GH — CH, + e 1.00E-09 [10]
149 H +C, > CH+e 1.00E-09 [10]
150 H+M->H+e +M 2.70E-10 0.50 5590 [43]
151 H +H - Hy +e 1.30E-09 [43]
152 H +N — NH +e” 1.00E-09 [43]
153 Nj + C3Hg — C,HZ + CH; + N, + N, 6.70E-10 [33]
154 Ni + C3Hg — CoHj + CH, + N, + N, 4.30E-10 [33]
155 Nif+M — N3 +M + N, 2.50E-15 [43]
156 Ni + N - N, + N, + N* 1.00E-11 [43]
157 N3 + NH; — NH3 + N + N, 2.10E-09 [42]
158 N3 + N - Nj + N, 6.60E-11 [43]
159 N +M —» M+ N + N3 6.60E-11 [43]
160 Nj + C3Hg — C,HE + CH; + N, 3.90E-10 [33]
161 N3 + GsHg — C,Hf + CHs + N, 2.20E-10 [33]
162 N3 + C3Hg — CoH4 + CH3 + H, + N, 5.20E-10 [33]
163 N3 + NH; — NH3 + N, 1.90E-09 [42]
164 N3 + N, +M — Nj + M 6.80E-29 —1.64 [43]
165 N3 + N — N, + N* 7.20E-13 1.00 [43]
166 N3 +N+M—> M+ N3 9.00E-30 1.00 —400 [43]
167 N* + NH; —» NHj + N 2.40E-09 [42]
168 N*+N+M—> Nj +M 1.00E-29 [43]
169 NT + N, - N + N3 4.45E-10 [43]
170 Nt +N,+M —> N§f +M 9.00E-30 —400 [43]
171 N +H—> N+H' 2.00E-09 [43]
172 N+ NH — H + N3 3.70E-10 [43]
173 NH{ + NH; — NH{ + NH, 2.20E-09 [44]
174 NH% + H, — NHj + H 4.00E-13 [44]
175 NH3 + NH; — NH3 + NH, 1.10E-09 [44]
176 NHj + NH; — NHZ + NH 1.10E-09 [44]
177 NH{ + H, —» NHf + H 1.00E-09 [44]
178 NH" + NH; — NHj + NH 1.80E-09 [44]
179 NH' + NH; —» NHf + N 6.00E-10 [44]
180 NH* + NH, — NH + NHJ 1.80E-09 [44]

Table A6 — Excited—neutral reactions included in the model and the references where these data were adopted from.

Reaction coefficients are given by the Arrhenius function: k(T) = A (T/300 K)" exp(-E/RT) where T is the gas mixture
temperature (in K) and A is given in units of cm?® s~* for two-body collisions and in cm® s for three-body collisions.

No. Reaction A E/R Ref.
1 H,(vib.) + N — Hyp + N, 1.00E-13 [43]
2 H,(vib.) + N — H, + N 1.00E-13 [43]
3 H,(vib.) + H, — H, + H, 1.00E-13 [43]
4 Ha(rot) + N, — Hy + N, 1.00E-13 [43]
5 Ho(rot) + N — H, + N 1.00E-13 [43]
6 Ha(rot.) + H, — H, + H, 1.00E-13 [43]
7 Hy*+ N, - Hp + N, 1.00E-13 [43]
8 H+N - H, + N 1.00E-13 [43]
9 H,*+H, — H, + Hy 1.00E-13 [43]
10 H*+N, - H+ N, 1.00E-13 [43]
11 H*+N->H+N 1.00E-13 [43]
12 H*+H, > H+H, 1.00E-13 [43]
13 Ny(@?) + CHy » Ny + C + H, + H, 3.00E-10 [38]
14 N,(A%) + CHy — N, + CH; + H 1.50E-12 [38]
15 Ny(@?) + CH, —» CHs + H + N, 3.00E-10 [33]
16 N,* + CH, — N, -+ CH, + H, 1.35E-13 [38]
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Table A6 — (continued)

No. Reaction A E/R Ref.
17 N,* + C3Hg — GsHg + Hp + N, 1.30E-12 [33]
18 N,(@%) + CsHg — C3Hg + Hy + N, 3.00E-10 [33]
19 N,* + CsHg — GsHs + H + N, 1.40E-10 [33]
20 N,(a') + CsHg — GsHs + H + N, 1.40E-10 [33]
21 N,* + CsHg — G,Hz + CHs + N, 1.40E-10 133]
22 Ny(a?) + CsHg — C,Hs + CHs + N, 1.40E-10 [33]
23 Ny* + CoHg — GoHy + Hy + Ny 1.80E-10 1980 [33]
24 N,(a') + C,Hg — GoHy + Hp + N, 5.00E-08 1980 [33]
25 N,* + GoHy — GoHs + H+ N, 5.50E-11 [33]
26 Ny(a?) + C;Hy — CoHs + H+ N, 2.00E-10 [33]
27 Ny* + GoHy — GoHp + Hy + Ny 5.50E-11 [33]
28 Ny(@%) + C;Hy > CoH, + Hy + N, 2.00E-10 [33]
29 N* + GoH, —» GH+H + N, 2.00E-10 133]
30 Ny(a?) + CHy, — C,H + H + N, 3.00E-10 [33]
31 N,* + CH; — N, + CH, + H 1.00E-13 [38]
32 N,* + H, —» N, + H, 2.10E-10 [43]
33 Ny +H, » N, + H+ H 3.80E-10 3500 [43]
34 Ny(@%) + H, > Ny + H, 2.10E-10 [43]
35 Ny +H — N, + H 2.10E-10 [43]
36 N,(a) + H —» Np+ H 2.10E-10 [43]
37 No* + Ny(a?) —» Nj + e” 9.00E-12 [43]
38 N,* + Ny(a?) > N + N, + e~ 1.00E-12 [43]
39 No* + Np* — N + Np* 2.00E-12 [43]
40 N,(@%) + Ny@@?) - Ni + e~ 1.00E-11 [43]
41 Ny(@%) + Ny@?) - N§ + N, + e~ 5.00E-13 [43]
42 Ny(a?) + Ny(@a?) — N, + Ny(a'?) 2.00E-12 [43]
43 Ny* + N, — N, + N, 3.70E-16 [43]
44 N,(@%) + N, > N, + N, 3.70E-16 [43]
45 Ny +N - N, + N 2.00E-11 [43]
46 N,(@%) +N - N, + N 2.00E-11 [43]
47 N,* + HCN — N, + CN + H 6.00E-12 [38]
48 Nj(rot.) + N, — Ny + N, 1.00E-13 [43]
49 Ny(rot.) + N — N, + N 1.00E-13 [43]
50 Nj(rot.) + H, —» N, + H, 1.00E-13 [43]
51 N,(vib.) + N, = N, + N, 1.00E-13 [43]
52 N,(vib.) + N —» N, + N 1.00E-13 [43]
53 N,(vib.) + H, — N, + H, 1.00E-13 [43]
54 N*+ H, > NH + H 4.60E-11 880 [43]
55 N*+Nj - N*+N, 1.00E-10 [43]
56 N* + NH; — NH + NH, 5.00E-11 [42]
57 N+M—> N+M 2.40E-14 [43]
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