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ABSTRACT: We present a computational study for the
conversion of CH4 and CO2 into value-added chemicals, i.e.,
the so-called “dry reforming of methane”, in a dielectric barrier
discharge reactor. A zero-dimensional chemical kinetics model
is applied to study the plasma chemistry in a 1:1 CH4/CO2
mixture. The calculations are first performed for one
microdischarge pulse and its afterglow, to study in detail the
chemical pathways of the conversion. Subsequently, long time-
scale simulations are carried out, corresponding to real
residence times in the plasma, assuming a large number of
consecutive microdischarge pulses, to mimic the conditions of
the filamentary discharge regime in a dielectric barrier
discharge (DBD) reactor. The conversion of CH4 and CO2 as well as the selectivity of the formed products and the energy
cost and energy efficiency of the process are calculated and compared to experiments for a range of different powers and gas
flows, and reasonable agreement is reached.

1. INTRODUCTION

The conversion of greenhouse gases (mainly CO2 and CH4)
into value-added chemicals or new fuels is considered as one of
the main challenges for the 21st century (see, e.g., refs 1−3). By
doing so, the greenhouse gases can constitute an alternative for
petroleum, which will become less available and therefore more
expensive. Moreover, this conversion process can be considered
to fit in the revolutionary “cradle-to-cradle” concept4,5 because
the waste (greenhouse gases) can be converted into a new
feedstock (raw materials for the chemical industry).
The conversion process of CO2 and CH4 is, however, not

straightforward. Indeed, CO2 is a highly oxidated, thermody-
namically stable molecule, and its use in redox reactions
requires highly energetic reactants or electro-reducing
processes.6 CH4 is, due to its chemical inertness, currently a
highly underutilized source for the production of value-added
chemicals. A direct (thermal) synthesis route for hydrocarbons
from CH4 is technically not possible, and the conventional
indirect methods are characterized by low yields and require a
high energy input.7 For instance, the production of methanol
(CH3OH) out of CH4 can occur through the so-called steam-
methane-reforming (SMR), producing syngas (i.e., a mixture of
CO and H2), which is further converted by a second catalytic
process into methanol. This is, however, an inefficient process.
Nevertheless, the reforming of methane into syngas is gaining

increased attention worldwide,8 due to the versatility of syngas
for the production of many fuels and chemicals, such as
methanol, but also Fischer−Tropsch fuels, H2, ethanol,

dimethyl ether, ...9 There exist six different types of reforming
processes, which all produce syngas in different H2/CO ratios
(also called the syngas ratio); this ratio is important since
different end products require different ratios.10 The two most
important reforming processes are the SMR and the so-called
dry reforming of methane (DRM), where CO2 is the coreactant
instead of steam. Both processes are carried out at high
temperatures (700−1000 °C and 600−900 °C, respectively) in
the presence of a Ni-containing catalyst. The SMR process, i.e.

+ → +CH (g) H O(g) CO(g) 3H (g)4 2 2

is already commonly used worldwide, for instance, in the
fertilizer industry (where H2 is used for the ammonia
production) and in the gas industry (where it is responsible
for 95% of the worldwide production of H2).

11 The process,
however, is strongly endothermic, and often (energy-intensive)
post-treatments of the products are needed, depending on the
desired syngas application. Hence, a large amount of green-
house gases will be produced for the energy production
required for this process, thereby significantly limiting the
attractiveness of this technique.12 The DRM process, i.e.,

+ → +CH (g) CO (g) 2CO(g) 2H (g)4 2 2
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is, as mentioned above, carried out at high temperatures by
means of a catalyst, typically containing Ni, Co, precious
metals, or Mo2C as the active phase.13 This reaction is even
20% more endothermic than the SMR reaction,12,13 but taking
a brief look at the reaction equation reveals that the two most
important greenhouse gases are converted at the same time.
On the industrial scale the DRM is carried out most

efficiently at 700 °C, reaching thermodynamic equilibrium
conversions of CH4 and CO2 of 72% and 82%, respectively.14

For the reaction between 1 kmol CH4 and 1 kmol CO2 at 700
°C, 260 MJ energy is needed, and at least an additional 70 MJ is
required to bring the gas flow to this temperature. This means
that at least about 330 MJ energy is required for this process.
This results in an energy input of at least about 3.42 eV per
molecule and a corresponding maximum theoretical energy
efficiency of 58%. These values are important, as they will be
the benchmark for the results obtained in the present study. It
is important to keep in mind that when talking about energy
efficiency in this study we always mean the theoretical energy
efficiency. For instance, to determine the total energy efficiency
of the classical process one would also need to account for the
thermal efficiency of the heaters, which depends on the type of
heater used, the type of fuel used, and the use of heat recovery
systems. Likewise, for the plasma process, one needs to take
into account the energy losses that occur at the level of the
generator, the transformer, and the plasma reactor.
One of the largest problems of the DRM process is the high

amount of carbon deposition at the catalyst material, i.e., much
higher than with SMR, giving rise to catalyst poisoning.12,13 A
lot of research is going on to search for the optimum catalyst
materials (e.g., refs 14−16). On the other hand, in recent years
there is also growing interest for alternative reforming
techniques, based on milder reaction conditions, such as
plasma reformers. Both thermal and nonthermal plasma
reformers have already been developed.17−21 Another growing
field of interest is the combination of plasma and catalysis, so-
called plasma catalysis, which seems to be promising, because it
combines the selectivity of catalysis with the capability of
plasmas to induce thermodynamically unfavorable reac-
tions.22−25 Indeed, the inert molecules (CH4, CO2) are
“activated” by the plasma (i.e., reactive species, such as radicals,
are formed), whereas the catalyst makes sure that the reactive
components selectively recombine into the desired end-
products.
The central research question is, however, whether plasma

catalysis can yield a valuable alternative to the existing
inefficient thermal processes. Due to the complexity of the
entire process, this question cannot be readily answered and
requires a multidisciplinary and integrated approach, to be
conducted in a concerted action by plasma physicists, process
engineers, chemists, material scientists, ... Therefore, it is
necessary to first seek answers to some other questions related
to specific aspects of this process. Indeed, an important
condition for obtaining progress in this field is to obtain a
better understanding of the underlying chemical and physical
processes in the plasma, even without a catalyst. Nowadays, a
lot of research in this domain is still based on assumptions
without a good understanding of the ongoing plasma processes.
Indeed, several interesting experiments have already been
performed for the dry reforming of methane with dielectric
barrier discharges (DBDs),17,26−37 but there is a clear need for
modeling, to better understand and interpret these experiments.

In this paper, we will study the plasma-based dry reforming
process in a DBD reactor, by means of computer simulations.
In our investigation we will make use of a zero-dimensional
(0D) chemical kinetics model. Simplified calculations for this
plasma chemistry have already been performed,27,32−34 but they
were all based on simplified kinetics and without a (good)
description of the filamentary discharge regime. Therefore, we
will carry out an extensive study of the reaction chemistry while
mimicking the filamentary discharge regime. More specifically,
we will investigate the plasma chemistry in one microdischarge
pulse and its afterglow, which corresponds to one filament in a
DBD, as well as the impact of several consecutive discharge
pulses. Subsequently, the model will be applied to long time
scales, corresponding to the typical residence times of the gases
in a DBD reactor, to calculate the conversion of CH4 and CO2,
the selectivity of the reaction products, and the energy cost and
energy efficiency of the process. These long time-scale
simulations will be compared with experiments to validate the
model.

2. DESCRIPTION OF THE MODEL
2.1. 0D Chemical Kinetics Model. We make use of a 0D

chemical kinetics model, called Global_kin, developed by
Kushner and co-workers,38,39 to describe the plasma chemistry.
This means that the plasma is treated as a “batch reactor”, with
a uniform species density and neglecting species transport. The
model consists of three basic modules, i.e., a 0D plasma
chemistry module, a Boltzmann equation module, and a circuit
module. In this work, only the first two modules are used. The
time evolution of the species densities is calculated, based on
production and loss processes, as defined by the chemical
reactions
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the rate coefficient of reaction j. The rate coefficient of the
heavy particle reactions depends on gas temperature and is
calculated by Arrhenius equations. The rate coefficient for the
electron impact reactions is a function of the electron
temperature and is calculated in the Boltzmann equation
module and tabulated for a range of E/n values.38,39 The
electron temperature is calculated with the following energy
balance equation
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ne is the electron density; Te is the electron temperature; j ̅ and
E̅ are the current density and electric field in the plasma; νmi is
the electron momentum transfer collision frequency with
species i; me is the electron mass; and Mi and Ti are the mass
and temperature of species i. kl is the reaction rate coefficient of
electron impact reaction l; Nl is the density of species l; and Δεl
is the change in electron energy (hence a negative value for
electron energy loss). The first term at the right-hand side of
this equation is the energy gain due to Joule heating, whereas
the second and third terms denote the energy loss due to elastic
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and inelastic collisions, respectively. As the model is 0D, we do
not know the electric field distribution in the plasma; therefore,
the Joule heating is calculated as the applied power density.
More information about this model can be found in refs 38 and
39.
2.2. Plasma Chemistry Included in the Model. The

plasma chemistry described in the model is based on the
chemistry set developed by De Bie et al.40 However, some
species and chemical reactions were removed from the model,
as they were found to be negligible at the conditions under
study. The species included in the present model are listed in
Table 1. They react with each other in 121 electron impact

reactions, 87 ion reactions, and 290 neutral reactions, which are
listed in the Supporting Information, together with their
corresponding rate coefficients and the references where these
data were adopted from.
2.3. Description of the Power Deposition in the

Filamentary DBD Plasma. In most reactive gases, a DBD
typically occurs in the so-called filamentary regime, consisting
of a large number of independent microdischarge filaments,
with a duration in the nanosecond range, typically around 1−
100 ns.41 The current pulses of these microdischarges appear
with a certain frequency, corresponding to twice the applied
frequency (see Figure 1). In these microdischarges a large
fraction of the electron energy is used for excitation,
dissociation, and ionization of the molecules and therefore to
initiate the chemical reactions. This is the reason why these
microdischarges are of prime importance for a realistic
description of the reaction chemistry.
We cannot treat the spatial aspect of filament formation in

our 0D model, but we can mimic the filamentary behavior by
simulating a large number of microdischarge pulses as a
function of time. From Figure 1 it is clear that several
microdischarge pulses occur per half cycle. Assuming a typical
applied frequency of 35 kHz (as used in the experiments26 for
validation), this corresponds to a duration of 14 μs for each half
cycle. Unfortunately, the number of microdischarge pulses that
each gas molecule will pass when traveling through the DBD
reactor is not known. If we assume that each molecule passes
one microdischarge each half cycle, this would correspond to
70.000 microdischarge pulses per second. That will be our

starting assumption in the long time-scale simulations
presented in Section 3. Furthermore, as we do not know the
exact time evolution of a microdischarge, we simply assume a
triangular pulse, with a duration of 30 ns. The maximum power
of the pulse is chosen in such a manner that the specific energy
input (SEI) can be compared with experimental results26 for
validation (see below).
First we will investigate in detail the behavior of one

microdischarge pulse and its afterglow. Subsequently, the
accumulation effect of several microdischarge pulses will be
studied, and finally real time-scale simulations will be carried
out, with a large number (in the order of hundreds or
thousands) of microdischarge pulses per second, to calculate
the conversion of CH4 and CO2, the selectivity of the products,
and the energy cost and energy efficiency of the process. The
calculations will be performed for a 1:1 ratio of CH4/CO2, to
allow a direct comparison and validation with the experimental
data obtained in ref 26.

3. CALCULATED BEHAVIOR OF ONE
MICRODISCHARGE PULSE AND ITS AFTERGLOW
3.1. Power Deposition, Electron Density, and Temper-

ature. Figure 2 illustrates the applied power deposition (P), as
well as the calculated electron density (Ne) and electron
temperature (Te), as a function of time, for one microdischarge
pulse. At t = 3 × 10−8 s, a triangular pulse of 30 ns is applied,
assuming a maximum power deposition of 1.5 × 105 W/cm3

(Figure 2(a)). The electron density (Figure 2(b)) follows the
same profile as the power deposition, which is logical as the
power is transferred to the electrons, which are heated and give
rise to electron impact ionization, creating more electrons.
However, the electron density shows a slower decay in the
afterglow, indicating that some electrons have a somewhat
longer lifetime, or can still be created in the afterglow by heavy-
particle reactions. The electron temperature is illustrated in
Figure 2(c). It shows an initial maximum before the start of the
pulse, which is an artifact of the simulations, as the model
seems first to overestimate, before converging to the real value
of the electron temperature. However, this artifact does not
affect the calculation results because it occurs in the first
nanoseconds, where the electron density is still negligible, so it
cannot give rise to reactions with the gas molecules. As soon as

Table 1. List of Species Included in the Model for the CH4/
CO2 Gas Mixturea

molecules charged species radicals excited species

CH4 CH5
+, CH4

+, CH3
+,

CH2
+, CH+

CH3, CH2,
CH, C

CH4*

C2H6, C2H4,
C2H2

C2H6
+, C2H5

+, C2H4
+,

C2H3
+, C2H2

+
C2H5, C2H3,
C2H

C2H6*, C2H4*,
C2H2*

C3H8, C3H6,
C4H2

C3H7 C3H8*

H2 H H2*
O2 O2

+, O− O O*
CO2, CO CO2

+ CO2*, CO*
H2O, H2O2 H3O

+, OH− OH, HO2 H2O*
CH2O,
CH3OH

electrons CHO, CH2OH,
CH3O

CH3CHO,
CH2CO

C2HO,
CH3CO

CH2CHO,
C2H5O2

aNote: The excited species are only included in the model to describe
the energy loss processes, and they are not treated as separate species.

Figure 1. Applied voltage (left axis) and resulting current (right axis)
as a function of time, for a DBD of 35 kHz and 50 W. The
microdischarge pulses (filaments) are indicated.
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the discharge pulse starts, the electron temperature reaches a
maximum, which is real, because the electrons are heated by the
electric field. Upon termination of the pulse, the electron
temperature drops to 0.05 eV. The maximum electron
temperature is around 2.5−3 eV, which corresponds well
with experimental data from the literature.17,41,42 The
maximum electron density is about 3 × 1013 cm−3, which is
in the same order of magnitude as experimental values (∼1012−
1014 cm−3).17,41,42 We may therefore conclude that the power
deposition assumed for this single discharge pulse correlates
well with typical DBD conditions, so that the chemical behavior
of the CH4/CO2 mixture can be described in a realistic way.
3.2. Densities of the Plasma Species. (a). Overall

Densities. As illustrated above, electrons are created upon the
start of the pulse, and they can give rise to collisions with the
gas molecules, thereby forming radicals and ions, as is clear
from Figure 3. During the pulse, the density of the molecules

drops slightly (see left axis), whereas the densities of the ions,
and especially of the radicals, increase by several orders of
magnitude (see right axis). Comparing the ion and radical
densities, it is clear that the electron impact reactions mainly
create radicals and that electron impact dissociation will be the
dominant loss mechanism for CH4 and CO2. In the afterglow,
the molecule density rises again, whereas the densities of ions
and radicals drop because they recombine again with the
formation of stable molecules. This illustrates that the plasma
chemistry is completely different in the afterglow, due to the
absence of an electric field. Indeed, the electrons disappear (see
Figure 2 above), and the chemistry is dominated by heavy
particle reactions. The ions have disappeared after 100 μs,
whereas the radicals reach a kind of steady state at 5 μs but
drop further after 100 μs. Note that we assume an afterglow of
1 s here, which probably does not correspond to reality (see
Section 2.3 above); hence, the accumulation effect of
consecutive pulses needs to be examined as well, and these
results will be presented in Section 4 below.

(b). Densities of CH4 and CO2. The densities of CH4 and
CO2 are plotted as a function of time during one pulse and
afterglow in Figure 4. During the pulse, the dissociation of CH4

is much more pronounced, which can be attributed to a more
efficient dissociation by electron impact for CH4 or to a
competition with production processes for CO2 during the
pulse. The exact reason will be elucidated below, in Section 3.3.
In the afterglow, however, nearly 74% of the dissociated CH4 is
formed again, due to the recombination of CH3 and H. The
CO2 dissociation, on the other hand, continues in the afterglow,
but after 10 μs an equilibrium is reached between production
and loss of CO2. Our calculations predict that ca. 22% of the
CO2 dissociation occurs during the pulse and is attributed to
electron impact dissociation, whereas 78% takes place in the
afterglow and is mainly due to reactions of CO2 with CH2
radicals. Nevertheless, overall the conversion of CH4 is still a
factor of 2 higher than for CO2. After 10 μs, the CH4 and CO2
densities reach a steady state value, indicating that the
production and/or loss processes compensate each other or
have become all negligible.

(c). Densities of the Important Molecules. Figure 5 presents
the time evolution of the most important molecule densities,
formed out of CH4 and CO2. The higher hydrocarbon
molecules, C2H6, C2H4, C2H2, C3H8, and C3H6, are shown in

Figure 2. Applied power deposition (a) and calculated electron
density (b) and electron temperature (c), as a function of time for one
pulse and afterglow. The gray dashed lines indicate the start and the
end of the microdischarge pulse.

Figure 3. Calculated densities of the molecules (left axis) and of the
radicals and positive and negative ions (right axis), as a function of
time during one pulse and afterglow. The gray dashed lines indicate
the start and the end of the microdischarge pulse.

Figure 4. Calculated densities of CH4 and CO2, as a function of time
during one pulse and afterglow. The gray dashed lines indicate the
start and the end of the microdischarge pulse.
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Figure 5(a). Note that the considerable density of C2H4 before
the pulse is again an artifact of the simulations, due to some
overestimated starting values; however, it has no influence on
the results because it happens before the pulse starts, and the
density is 11 orders of magnitude lower than the CH4 and CO2
densities. Once the pulse starts, we notice a significant increase
in density, over more than 10 orders of magnitude for the
hydrocarbon densities. There is, however, some difference
between the different hydrocarbons; i.e., the densities of C2H6,
C2H4, and C2H2 rise instantaneously upon start of the pulse,
whereas the rise in densities of C3H8 and C3H6 exhibits some
delay. This is because the latter molecules are created only after
some intermediate products are formed (see Section 3.3
below). In the afterglow, some densities continue to grow,
whereas other densities drop slightly, indicating a conversion
from lower to higher hydrocarbons. After about 1 ms, all
densities reach steady state values.
The densities of the syngas components, CO and H2, are

depicted in Figure 5(b). The H2/CO ratio during the pulse is
∼4. However, in the afterglow, the CO density increases more
drastically than the H2 density, due to the continued
dissociation of CO2 (see above), and the final H2/CO ratio,
after about 5 μs, is ∼1.4. This ratio is interesting for several
industrial applications like for example the dimethyl ether
production and Fischer−Tropsch synthesis.43

Finally, Figure 5(c) illustrates the densities of H2O and of the
two most important oxygenated products, i.e., formaldehyde
(CH2O) and methanol (CH3OH). The latter two molecules
are even more important than syngas for the chemical industry,
as they are bulk chemicals that are largely consumed worldwide
for a large number of industrial syntheses.44 Hence it would be
beneficial if they could be produced directly from the CH4/
CO2 gas mixture. It is clear that these species are mainly formed

in the afterglow and not by electron impact reactions during the
pulse. The formaldehyde density is only a factor of 2 lower than
the densities of the syngas components, whereas the methanol
density is still 1 order of magnitude lower. The most important
production process for formaldehyde is the reaction

+ → +CH CO CH O CO2 2 2

whereas methanol is mainly formed by

+ → +− −OH CH CH OH e3 3

These molecules only reach steady state densities after ca. 1 ms.
(d). Densities of the Important Radicals and Ions. The

time evolution of the most important radical and ion densities
is illustrated in Figure 6. In general, the radicals (see Figure

6(a)) reach clearly higher densities than the ions because they
are more efficiently formed during the pulse (see also Figure 3
above), but their densities drop significantly in the afterglow
due to recombination reactions. The most important radicals
are CH3 and H because they are both formed directly from
electron impact dissociation of CH4. Contrary to many
common assumptions (see Section 5.2 below), the OH radicals
are found to play a quite minor role, with a density of 1010 cm−3

during the pulse, increasing to 4 × 1011 cm−3 during the
afterglow, and then followed by a strong decline, due to the loss
process CO + OH → CO2 + H.
The ions are depicted in Figure 6(b,c) and can be divided

into two groups: CH5
+, C2H5

+, H3O
+, and OH− (Figure 6(b))

are formed during the pulse, but have also a considerable
lifetime in the afterglow, whereas CH4

+, CH3
+, CO2

+, and O−

(Figure 6(c)) are only present during the pulse. The CH5
+,

C2H5
+, and OH− ions are formed immediately, and their

Figure 5. Calculated densities of the most important molecules
formed in the plasma, i.e., higher hydrocarbons (a), syngas
components (b), and H2O and oxygenated products (c), as a function
of time during one pulse and afterglow. The gray dashed lines indicates
the start and the end of the microdischarge pulse.

Figure 6. Calculated densities of the most important radicals (a) and
ions (b,c) formed in the plasma, as a function of time during one pulse
and afterglow. The gray dashed lines indicate the start and the end of
the microdischarge pulse.
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densities reach a steady state already during the pulse. This is
due to a competition of formation and loss processes, i.e.,
-For CH5

+, there is an equilibrium between CH4
+ + CH4 →

CH5
+ + CH3 as the formation process and e− + CH5

+ → CH3 +
H + H as a loss process.
-For C2H5

+, the two most important production processes
(i.e., CH5

+ + C2H4 → C2H5
+ + CH4 and CH3

+ + CH4 → C2H5
+

+ H2) are in equilibrium with the two dominant loss processes
(i.e., e− + C2H5

+ → C2H3 + H + H and e− + C2H5
+ → C2H2 +

H2 + H).
-Finally, for OH−, the dominant production processes (i.e.,

O− + CH4 → OH− + CH3 and e− + H2O → OH− + H) are
compensated by the loss process OH− + CH3 → CH3OH + e−.
The formation of H3O

+ ions occurs at a lower rate but
continues in the afterglow because it is formed out of C2H5

+

ions, through

+ → ++ +C H H O H O C H2 5 2 3 2 4

However, when all C2H5
+ has reacted away, the loss processes

of H3O
+ become more important than the production process,

leading also to a drop in H3O
+ density.

3.3. Reaction Path Analysis for Loss and Production
of CH4 and CO2. (a). Loss and Production of CH4. Table 2

lists the most important loss and formation processes for CH4
in order of decreasing importance, during the pulse and
afterglow. During the pulse, the electron impact reactions are
by far the most important loss mechanisms and especially
electron impact dissociation with the formation of CH3 and H
(reaction 1 of Table 2). This explains why the CH3 and H
radical densities are higher than the other radical and ion
densities (see Figure 6 above). However, immediately after
pulse termination, the rates of these electron impact reactions
drop to nearly zero, due to the drop in electron temperature
(see Figure 2 above), and in the afterglow, the chemical
reactions with radicals and ions are the most important loss
processes (especially reactions 4 and 9 of Table 2). Integrated
over one pulse and afterglow, the electron impact reactions
contribute for 77% to the loss of CH4, in spite of the fact that

they only occur during the pulse, while the ion and radical
reactions account for 23% (see Table 3).

The formation processes of CH4 are not so relevant because
CH4 is mainly lost (dissociated), but nevertheless, they are
briefly discussed here, as they have a negative contribution to
the conversion of CH4. During the pulse, the three-body
recombination reaction between CH3 and H radicals, with a gas
molecule as third body (reaction 11 of Table 2), is the only
production mechanism for CH4, and this reaction is also
dominant in the afterglow. Integrated over pulse and afterglow,
it contributes for 99% to the production of CH4 (see Table 3),
whereas the remaining 1% is attributed to other chemical
reactions (i.e., reactions 12−14 of Table 2).
Figure 7(a,b) illustrates the absolute reaction rates of the loss

and production processes, respectively, as a function of time. It

is clear that during the pulse the rate of the electron impact
reactions yielding loss of CH4 (reactions 1−3 and 6 of Table 2)
is 1 order of magnitude higher than the rate of reaction 11,
which is the major production process (i.e., ca. 1023 vs ca. 1022

cm−3 s−1), so that during the pulse mainly dissociation of CH4
takes place. In the afterglow, however, the electron impact

Table 2. Overview of the Most Important Loss and
Formation Reactions for CH4, during the Pulse and
Afterglowa

Loss processes:

during the pulse during the afterglow

(1) e− + CH4 → CH3 + H + e− (4) CH + CH4 → C2H4 + H
(2) e− + CH4 → CH2 + H2 + e− (9) OH + CH4 → CH3 + H2O
(3) e− + CH4 → CH + H2 + H + e− (10) CH3

+ + CH4 → C2H5
+ + H2

(4) CH + CH4 → C2H4 + H (5) CH4
+ + CH4 → CH5

+ + CH3

(5) CH4
+ + CH4 → CH5

+ + CH3

(6) e− + CH4 → CH4
+ + e− + e−

(7) O− + CH4 → CH3 + OH−

(8) CO2
+ + CH4 → CH4

+ + CO2

Formation processes:

during the pulse during the afterglow

(11) CH3 + H + M → CH4 + M (11) CH3 + H + M → CH4 + M
(12) CH5

+ + C2H4 → CH4 + C2H5
+

(13) CH5
+ + CH2 → CH4 + CH3

+

(14) CH5
+ + H2O → CH4 + H3O

+

aNote: M can be any plasma species (but typically CH4 or CO2, as
they have the highest densities).

Table 3. Contributions of the Most Important Loss and
Formation Processes for CH4, Integrated over the Time of
One Pulse (30 ns), the Afterglow (30 ns−1s), and the Total
Pulse + Afterglow

Loss processes pulse afterglow
pulse and
afterglow

electron impact (1−3, 6) 80% 0% 77%
chemical reactions (4−5, 7−10) 20% 100% 23%
Formation processes pulse afterglow pulse and afterglow

reaction 11 100% 99% 99%
reactions 12−14 0% 1% 1%

Figure 7. Rates of the most important loss (a) and formation (b)
processes of CH4, as a function of time during one pulse and afterglow.
The numbers of the reactions correspond to the numbers of Table 2.
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reactions do not play a role anymore, and the loss is mainly
attributed to reactions 4−5 and 9−10, with an overall reaction
rate of ca. 1015−1019 cm−3 s−1 (see Figure 7(a)). The formation
processes (reaction 11−14), on the other hand, are
characterized by an overall rate of ca. 1018−1020 cm−3 s−1 in
the afterglow (see Figure 7(b)), so that the formation of CH4 is
now much larger than the loss, explaining why the CH4 density
rises again in the afterglow (see Figure 4 above).
(b). Loss and Production of CO2. The most important loss

and formation processes for CO2 are listed in Table 4. During

the pulse, the electron impact (dissociation and ionization)
processes (i.e., reactions 15−17 of Table 4) are again dominant.
In contrast to CH4, the dissociation and ionization reactions of
CO2 are equally important, which can be explained by their
cross sections.45 Note that the dissociation reactions (reactions
15−16) both produce CO, whereas only reaction 16 produces
O. This explains partly why the CO density during the pulse is
about a factor of 2 higher than the O density (cf. Figure 5(b)
and Figure 6(a) above). Similar to CH4, the electron impact
reaction rates drop to zero in the afterglow, and the chemical
reactions with radicals become responsible for the loss of CO2.
Especially reaction 18 of Table 4 is important, which explains
the strong increase in CH2O density in the afterglow (see
Figure 5(c) above). As CO is also formed in this reaction, this
explains why also the CO density increases further in the
afterglow, as was clear from Figure 5(b) above. Integrated over
one pulse and afterglow, the electron impact reactions (i.e.,
reactions 15−17) contribute for 33% to the loss of CO2, as is
summarized in Table 5, whereas the chemical reactions with
radicals contribute for 67%. This is in contrast to CH4, where
the electron impact reactions were clearly dominant (see
above).
During the pulse, the dominant formation reaction is the

charge transfer between CO2
+ and CH4 (reaction 8 of Table 4),

with a rate of ca. 2 × 1021 cm−3 s−1. In the afterglow, this
reaction becomes negligible, and some radical reactions
(especially reactions 19−21 of Table 4) become important.
When looking again at the reaction rates of the different loss

and formation processes as a function of time (see Figure
8(a,b)), it is obvious that during the pulse again mainly loss of

CO2 takes place; i.e., the total loss rate of reactions 15−17 is
with a value of ca. 1022 cm−3 s−1 nearly 1 order of magnitude
higher than the rate of the most important formation process
(i.e., reaction 8, ca. 3 × 1021 cm−3 s−1). Nevertheless, this
difference is smaller than in the case of CH4, which explains
why the conversion of CO2 is less pronounced during the pulse
than for CH4 (see Figure 4 above). This is an immediate
consequence of the much higher binding energy of CO vs
C−H (i.e., 8.3 vs 4.3 eV/molecule46), so that electron impact
dissociation of CO2 is somewhat more difficult. Furthermore,
this higher stability causes the CO2 conversion to occur
predominantly by electron impact during the pulse (see Table
5), while CH4 loss is initiated by both electrons and radicals
(see Table 3), thus explaining again the higher conversion of
CH4 versus CO2 during the discharge pulse.
In contrast to CH4, where the formation mechanisms became

more important than the loss processes in the afterglow, for
CO2 the chemical loss processes (more specifically reaction 18)
are still far more important than the formation processes
(reactions 19−21), i.e., with rates of 1020 vs 1015 cm−3 s−1 (see
Figure 8). Hence, CO2 will continue to be lost in the afterglow,
explaining why its density drops further (see Figure 4 above).

4. FIVE CONSECUTIVE DISCHARGE PULSES: STUDY
OF THE ACCUMULATION EFFECT
4.1. Power Deposition, Electron Density, and Temper-

ature. In Figure 9, the applied power deposition and calculated
electron density and temperature are plotted as a function of

Table 4. Overview of the Most Important Loss and
Formation Reactions for CO2, during the Pulse and
Afterglow

Loss processes:

during the pulse during the afterglow

(15) e− + CO2 → CO + O− (18) CH2 + CO2 → CH2O + CO
(16) e− + CO2 → CO + O + e−

(17) e− + CO2 → CO2
+ + e− + e−

Formation processes:

during the pulse during the afterglow

(8) CO2
+ + CH4 → CH4

+ + CO2 (19) O + CHO → CO2 + H
(20) O + CH3CO → CO2 + CH3

(21) CO + OH → CO2 + H

Table 5. Contributions of the Most Important Loss and
Formation Processes for CO2, Integrated over the Time of
One Pulse (30 ns), the Afterglow (30 ns−1 s), and the Total
Pulse + Afterglow

Loss processes pulse afterglow pulse and afterglow

electron impact (15−17) 98% 0% 33%
reaction 18 2% 100% 67%
Formation processes pulse afterglow pulse and afterglow

reaction 8 100% 0% 99.7%
reactions 19−21 0% 100% 0.3%

Figure 8. Rates of the most important loss (a) and formation (b)
processes of CO2, as a function of time during one pulse and afterglow.
The numbers of the reactions correspond to the numbers of Table 4.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp311912b | J. Phys. Chem. C 2013, 117, 4957−49704963



time, for five consecutive discharge pulses, with an interpulse
period of 1 μs. This corresponds to a typical interpulse period
of a filamentary DBD regime, as is observed in Figure 1 above.
However, in reality, not all filaments take place at the same
position; they are spatially distributed, and thus most probably
not all molecules pass through all filaments. As mentioned
above, in the next section, we will show results of several
calculations, with different assumptions about the number of
filaments per half cycle. However, as we do not know the real
number of filaments that each molecule passes, we will assume
a much higher pulse repetition frequency in this section
compared to Section 5 for the real time-scale simulations. We
use this method to find out whether some accumulation effects
might occur experimentally in case some molecules would pass
more pulses in a short time period because of a statistical
distribution.
As is clear from Figure 9, the same triangular pulse as in a

previous section, with the same power density, is applied, and
therefore, the calculated electron density and temperature reach
the same values as in Figure 2 above. This indicates that the
plasma nearly extinguishes in the afterglow between two
microdischarge pulses, even when we assume a very high pulse
repetition frequency of 1 MHz.
4.2. Densities of the Plasma Species. Figure 10

illustrates the overall densities of the molecules, radicals, and
positive and negative ions, as a function of time, for the five
consecutive discharge pulses. In spite of the fact that the plasma
nearly extinguishes between two pulses (see Figure 9 above),
the consecutive pulses still lead to some accumulation of the
radicals and ions, as is clear from Figure 10. Indeed, each
separate pulse exhibits the same effect on the species densities,
but because the formed radicals and ions do not fully
recombine at a time scale of 1 μs, i.e., the interpulse period,
some accumulation in the densities is observed in Figure 10.
It appears that also the molecule density shows a slightly

increasing trend. This is because the number of molecules
increases during the conversion process. This can be explained

by reactions 2 and 18 from Tables 2 and 4, respectively, which
are important loss mechanisms for CH4 and CO2, respectively

Reaction 2:

+ → + +− −e CH CH H e4 2 2

Reaction 18:

+ → +CH CO CH O CO2 2 2

Hence the combination of both reactions gives: e− + CH4 +
CO2 → CH2O + CO + H2 + e−. It is indeed clear that the
number of molecules in this reaction increases from two to
three. However, the rise in molecule density is very minor, as
appears from the left y-axis of Figure 10.
When related to the actual density values, the radical density

increases by 28% per pulse, whereas the positive and negative
ion densities rise by 4% and 3%, respectively, and the molecule
density remains virtually constant. This indicates that, even in
the case that each molecule passes through every micro-
discharge (filament), the accumulation effect on the molecule
densities, and hence on the conversion of CH4 and CO2 and
the selectivities of the formed products, will be very limited. On
the other hand, the number of discharge pulses per half cycle
will have a great influence on the electron density, and the latter
will affect the calculated conversion and selectivities, as will be
illustrated in Section 5.1.
The densities of the individual species are not plotted here

for the five consecutive pulses, as the results are very similar as
for one pulse, presented in Section 3 above, combined with the
accumulation effect illustrated in Figure 10.

5. REAL TIME-SCALE SIMULATIONS
5.1. Considerations about Residence Time and

Specific Energy Input. Finally, in this section, we apply the
model to real time scales, corresponding to typical residence
times of the gas molecules in the plasma, to obtain a first
estimate of the obtained conversions, selectivities, and energy
efficiency, to be compared with experimental data as a
validation of the model. It should be emphasized, however,
that it is not yet the focus of the present study to optimize the
obtained conversions, selectivities, and energy efficiency. The
latter will be elaborated in future work.

Figure 9. Applied power deposition (a) and calculated electron
density (b) and electron temperature (c), as a function of time for five
consecutive pulses with an interpulse period of 1 μs.

Figure 10. Calculated densities of all the molecules (left axis) and all
the radicals, positive and negative ions (right axis), as a function of
time for five consecutive pulses with an interpulse period of 1 μs. The
dashed lines indicate the (slightly) increasing trend of the densities as a
function of time.
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We still consider triangular microdischarge pulses of 30 ns,
but with a repetition frequency of 70 kHz. This correlates to an
applied frequency of 35 kHz, as used in the experiments,26

assuming that each molecule passes through only one
microdischarge per half cycle. The residence time for the
experimental data used to validate our model is 6.8, 13.7, and
27.4 s, as calculated from the gas flow rate and the length of the
reactor. This corresponds to simulating ca. 500 000−2 000 000
consecutive microdischarge pulses. Furthermore, the maximum
power deposition per pulse is adapted, so that the total specific
energy input (SEI) corresponds to the typical experimental
values26 (i.e., in the order of 18−144 J/cm3; see below).
In experiments the SEI (typically expressed in kJ/L or J/cm3)

is defined as the applied power (W) divided by the gas flow rate
(L/s). This is a very important quantity because it combines
two of the most important experimental parameters, i.e.,
applied power and flow rate. Furthermore, this value can be
converted into the input energy in eV per molecule, which gives
us an idea about the energy cost and energy efficiency of the
process under study (see below)

·

=
· · × · · ·

· · × ·

−

− − −

− −

SEI (eV molecule )

power (J s ) 6.24 10 (eV J ) 24.5 (L mol )
gas flow rate (L s ) 6.022 10 (molecule mol )

1

1 18 1 1

1 23 1

Note that the value of 24.5 L·mol−1 is calculated for 298 K and
1 atm.
We performed simulations for residence times of 6.8, 13.7,

and 27.4 s, exactly as used in the experiments. This corresponds
to flow rates of 100, 50, and 25 mL/min, respectively, for a
reactor with a plasma volume of 11.4 cm3 as used in ref 26. To
obtain the same SEI as in the experiments, the maximum power
deposition per discharge pulse was adapted accordingly with
the different applied powers used experimentally (30, 40, 50,
and 60 W) for a constant simulation microdischarge pulse
frequency of 70 kHz (corresponding to the experimentally
applied frequency of 35 kHz). These values of the power
deposition per pulse gave again rise to calculated electron
temperature values during the pulse of ∼3 eV, which
corresponds to typical experimental values. The resulting
calculated maximum values for Ne, however, were rather on
the lower limit of typical experimental values (∼1012 cm−3).
Furthermore, the conversions were slightly overestimated.
Therefore, additional simulations were performed yielding the
same values of Te but calculated values for Ne of ∼1014 cm−3.
To achieve this, the pulse frequency was lowered to 0.7 kHz,
corresponding to the assumption that each molecule passes one
microdischarge every 100 half cycles instead of every half cycle.
This assumption does not only provide better agreement with
experiment but also makes more sense intuitively, since we have
spatially divided filaments, which only occupy a low volume in
comparison to the total reactor volume. As will be illustrated
below, these simulations still resulted in an overestimation of
the conversions. However, in our calculations we assumed the
same plasma power as in the experiments, whereas it is
generally known that not all the plasma power goes into
chemical reaction processes. Indeed, part of it is lost by
reflection in the reactor and to gas heating. Furthermore, not all
excitation processes of all species are taken into account, but
they also “consume” part of the plasma power. Hence, we have
to take these “power loss processes” into account in the
simulations, by using a factor which we will call the “plasma
power transfer efficiency”. That is why we performed two more

sets of simulations, assuming that only 75% and 50% of the
plasma power is effectively transferred to the chemical reaction
processes, while maintaining a Te of ∼3 eV and a Ne in the
order of ∼1014 cm−3. The results of all four sets of simulations
will be presented in the following figures, to investigate the
impact of these assumptions. It will be demonstrated that the
simulations assuming Ne of ∼1014 cm−3 with 50% plasma power
transfer efficiency show the best agreement with the experi-
ments, hence these results will be discussed in the points below.

5.2. Conversion of CH4 and CO2. The parameters of
interest to define whether plasma technology has enough
perspectives for the dry reforming of methane are, as already
mentioned, the conversion of CO2 and CH4, the selectivity of
the reaction products, and the energy cost and energy efficiency
of the process. The calculated selectivity, energy cost, and
energy efficiency will be presented in the next sections. Here we
will present the calculated conversion and compare with
experimental data. When comparing these values it is important
to know how they have been defined, to avoid misinter-
pretation, so we will present here the definitions used in the
current paper. They are adopted from ref 26, as our calculation
results will be compared with the experimental data obtained in
that work. The conversion of CH4 and CO2 is defined as

= ×C (%)
moles of CH converted

moles of CH input
100CH

4

4
4

= ×C (%)
moles of CO converted

moles of CO input
100CO

2

2
2

The calculated conversions of CH4 and CO2, as obtained with
the assumption of Ne ∼1014 cm−3 with 50% plasma power
transfer efficiency (see above), are plotted in Figure 11 as a

function of time, for a SEI of 18 J/cm3. It is clear that the
conversion of CH4 and CO2 increases with time, and the
conversion of CH4 is about a factor of 2 higher than the
conversion of CO2, as was anticipated from the short time-scale
simulations presented in Section 3. The conversion of both
gases increases more or less linearly with time, but it will
saturate after a certain time, due to the competition of
production and loss processes.

Figure 11. Calculated conversion of CH4 and CO2, as a function of
time, for a simulated residence time of 6.84 s, with an SEI of 18 J/cm3.
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Figure 12 illustrates the calculated conversions of CH4 and
CO2 as a function of discharge power (open symbols), for

different gas flow rates, in comparison with experimental values
obtained from ref 26 (black symbols and trend lines). As
explained in Section 5.1 above, four sets of simulation results
are illustrated. It is clear that the results obtained with Ne ∼
1012 cm−3 and Ne ∼ 1014 cm−3, assuming 100% plasma power
transfer efficiency (red and orange open symbols, respectively),
are systematically higher than the experimental data. The
agreement is still reasonable for the data obtained with Ne ∼
1012 cm−3, but the data obtained with Ne ∼ 1014 cm−3 are
significantly higher. Therefore, we also performed simulations
with Ne ∼ 1014 cm−3, assuming a plasma power transfer
efficiency of only 75% and 50% (dark and light green symbols,
respectively), and this yields lower conversions, as expected. In
general, the latter assumption (i.e., 50% plasma power transfer
efficiency) yields an almost perfect agreement with the
experimental data.
It needs to be mentioned that a relative error of 5−10% due

to plasma instability should be taken into account for the
experimental values obtained by GC measurement, on top of
the already mentioned unknown uncertainty for the “real”
experimental plasma power input. Moreover, also the calculated
values are subject to some uncertainties, mainly due to
uncertainties (i.e., unknown error bars) in the reaction rate
coefficients, used as input in the model. Therefore, the present
comparison can be considered to be fairly good for both CH4
and CO2 because the difference between calculated and
experimental values is probably within the error bars. Moreover,
all the simulations show exactly the same rising trend as the
experiments. In general, this reasonable agreement between
calculated and experimental conversions, in this range of power
and gas flow rates, is a very important validation of the model,
and it indicates that our model gives a quite realistic description
of the plasma chemistry.
In Figure 13, the same data are plotted as a function of SEI,

as calculated from the power values and flow rates. Again, the
best agreement is reached for the simulations with Ne ∼ 1014

cm−3, assuming 50% plasma power transfer efficiency. It is
apparent from this figure that the conversion increases more or
less linearly with the SEI values, which seems logical. However,
a higher SEI value implies a higher energy cost, and it has
therefore a negative impact on the energy efficiency (see
Section 5.4 below). There will probably be an optimum
between conversion, selectivity, and energy cost and efficiency,
which we will investigate in future work.
Furthermore, comparing Figure 13(a,b) tells us that the CH4

conversion is systematically higher than the CO2 conversion,
for the same SEI and residence time. This behavior was also
found experimentally17 but was considered to be surprising, as
for the separate gases the conversion of CO2 is typically higher
than for CH4.

16 A possible explanation, suggested in the
literature,44 is the reaction: CO + OH → CO2 + H. According
to ref 47, this reaction would reduce the conversion of CO2 in
the CH4/CO2 mixture. However, our reaction path analysis,
presented in Section 3.3 above, revealed that this reaction (i.e.,
reaction 21 in Table 4 above) accounts only for 0.02% of the
CO2 production, whereas reaction 8 of Table 4, i.e., CO2

+ +
CH4 → CH4

+ + CO2, contributes for 99% to the CO2
production. Hence, our calculations predict that the latter
reaction accounts for the reduced CO2 conversion in the
presence of CH4. This high contribution is the result of the
high reaction rate coefficient for this charge transfer process
(5.50 × 10−10 cm3 s−1) in combination with the high density of
the second reaction species CH4 (1.22 × 1019 cm−3). This
results in a high reaction rate (∼2 × 1021 cm−3 s−1) during the
pulse, as is clear from Figure 8(b), where the reaction rates are
plotted for the reactions that have the largest (time integrated)
contribution to the formation of CO2. This example illustrates
that numerical simulations can be very useful for obtaining a
better insight into the underlying physical and chemical
processes, as they are based on real quantitative data (i.e.,
reaction rate coefficients and calculated densities). Moreover,
simulations can be very useful to optimize experiments, e.g., by
choosing plasma conditions which suppress reaction 8, to
enhance the CO2 conversion.

Figure 12. Comparison of the calculated (open symbols) and
experimentally measured (full black symbols + trend lines)
conversions of CH4 (a) and CO2 (b), as a function of discharge
power for various flow rates (see legend).

Figure 13. Calculated (open symbols) and experimentally measured
(full black symbols + trend line) conversions of CH4 (a) and CO2 (b),
as a function of SEI.
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5.3. Selectivities of the Formed Products. The
selectivity of the formed products is an even more important
quantity than the conversion, as we target the formation of
value-added chemicals or new fuels. The selectivity of H2, CO,
hydrocarbons (CxHy), and oxygenated hydrocarbons (CxHyOz)
is defined as follows26

=
×
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2 moles of CH converted
100H

2

4
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The calculated selectivities for the most important reaction
products are plotted as a function of time in Figure 14, again for

a fixed SEI of 18 J/cm3 and obtained with Ne ∼ 1014 cm−3,
assuming 50% plasma power transfer efficiency. It is clear that
H2 and CO are formed with the highest selectivities, followed
by the sum of C3H8 and C3H6 (noted as sum C3), CH2O, the
sum of C2H6, C2H4, and C2H2 hydrocarbons (noted as sum
C2), and CH3OH. Note that the sum of these selectivities is
above 100%, which is due to the definitions given above.
It is also clear from Figure 14 that the selectivities change

drastically on a very short time scale in the beginning of the
simulations. This information is of interest, as it indicates that
we could tune the process by varying the reaction conditions.
In this respect, microplasma reactors could offer an interesting
perspective, to stimulate the production of the desired
components, yielding higher selectivities.
The calculated selectivities are in reasonable agreement with

experimental data from the literature,17,26,30 as illustrated in
Table 6. It needs to be mentioned that it is difficult to identify

experimentally the C2Hy product selectivities separately, and
also determining the H2 selectivity with gas chromatography is
quite challenging. A more extensive validation of the obtained
selectivities will be carried out in future work. Finally, it should
be mentioned that the selectivities of the oxygenated products
(CH2O and CH3OH) could not be compared, as they were not
quantitatively measured. However, it is reported in the
literature that they were indeed observed,17,31−33 which is at
least some qualitative validation of our model.
The calculated and experimentally measured selectivities of

the two major products, i.e., H2 and CO, are plotted against SEI
values in Figure 15. Again, the four sets of simulation results are

illustrated. They all exhibit a rising trend with SEI. When
comparing the calculated and experimental data, it appears that
the calculated H2 selectivity is overestimated by about a factor
2, while the deviations in CO selectivities are only minor and
very similar to the deviation of the CO2 conversion, presented
in Figures 12 and 13 above. However, our results are in
reasonable qualitative agreement with the experiments of refs
17, 26, and 30 where a similar rising trend with SEI is also
observed. In the future, we will carry out a more extensive
comparison with experiments to validate our modeling results.
It should be stressed that our model contains a large number of
chemical reactions, and by changing the reaction kinetics (e.g.,

Figure 14. Calculated selectivities of the most important products, as a
function of time, for a simulated residence time of 6.84 s, with an SEI
of 18 J/cm3.

Table 6. Calculated Selectivities of the Most Important
Products and Comparison with the Experimental Data of
Tu,26 Gallon,17 and Wang30 for an SEI of 18 J/cm3 and a 50/
50 CH4/CO2 Ratio

conversion selectivity

CH4 CO2 H2 CO
sum
C2

sum
C3 CH2O CH3OH

our
simulation

16 8 55 48 6 30 13 3

Tu26 15 6 22 35 30 12 - -
Gallon17 10 8 23 42 18 23 - -
Wang30 14 - 57 - - - - -

Figure 15. Calculated (open symbols) and experimentally measured
(full black symbols + trend lines) selectivities of the syngas
components CO (a) and H2 (b), as a function of SEI.
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rate coefficients) of the model, we can always obtain “a better”
fit with experiments. However, we do not want to tune our rate
coefficient data, simply to obtain a better agreement with
experiment, without physical grounds. The present differences
between calculated and measured selectivities illustrate that
some chemistry, probably related to the formation or loss of
H2, is not yet fully accounted for in the model, but at present
we do not know which loss reaction would be missing or
underestimated or which production reaction would be
overestimated in the model. In general, we are already very
satisfied with the good qualitative trends. Indeed, the focus of
the present paper is rather on the detailed investigation of the
plasma chemistry during one microdischarge pulse and
afterglow, to mimick the filamentary behavior.
In any case, it is clear that the syngas components (H2 and

CO) are the main products formed in the dry reforming
process, with a syngas ratio (H2/CO) of ∼1.5. This ratio is of
considerable interest for the chemical industry, as already
discussed above. Also the selectivity of CH3OH and especially
CH2O are already reasonable, and of great importance, because
our simulations predict that these products can be formed
directly, without the usual intermediate syngas step. In the
future we will investigate how the selectivies of these two
products can be increased further.
5.4. Energy Cost and Energy Efficiency of the Process.

As mentioned above, the energy cost and energy efficiency are
probably the most important criteria for the dry reforming
process. The thermodynamic energy cost for dry reforming is
247.3 kJ/mol (at standard conditions: 273 K) or 2.56 eV per
converted molecule. The energy cost for the classical dry
reforming process amounts to at least 3.42 eV/molecule, for a
CH4 conversion of 72% and a CO2 conversion of 82%, hence
corresponding to a maximum achievable energy efficiency of
58%. Therefore, this value should be the target of the plasma-
based dry reforming process, to be competitive with the
classical thermal process. The energy cost and energy efficiency
(η) are defined here as follows
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where χ is the conversion. In Fgure 16 the calculated energy
efficiency is plotted as a function of SEI for the four sets of
simulations (open symbols), in comparison with the exper-
imental data (black symbols + trend lines). It is clear that the
higher conversion with increasing SEI (see Figure 13 above)
does not compensate for the higher energy input with regard to
the energy efficiency. Indeed, the highest energy efficiency is
obtained for the lowest SEI value considered in this work, i.e.,
18 J/cm3. For this condition the calculated CH4 and CO2
conversions were 11% and 6%, respectively, yielding an overall
conversion of 8.5%. This gives rise to an energy cost of 49 eV/
converted molecule and an energy efficiency of 5.2%. Note that

this is still a factor of 10 lower than the classical dry reforming
process. However, the latter is not unexpected, as the plasma-
based dry reforming process in this paper is not yet optimized,
which was indeed not the focus of the present paper. Moreover,
it is well possible that a pure DBD reactor will never be
competitive with the classical dry forming. Therefore, in future
work, we will also investigate the combination with catalysis, in
so-called plasma catalysis, as well as the performance of other
types of plasma reactors, which are stated in the literature to be
more energy efficient.48−51

6. CONCLUSION
The goal of this paper was to obtain a better understanding of
the plasma chemistry in a DBD reactor used for the dry
reforming of CH4 and CO2. For this purpose, a 0D chemical
kinetics model, called “Global_kin”, developed by Kushner and
co-workers, was applied. The filamentary behavior of a DBD
reactor was simulated by describing a large number of
consecutive microdischarge pulses. We investigated in detail
the plasma behavior and the reaction chemistry in one
discharge pulse and its afterglow, and we made a reaction
path analysis for the two gases to be converted, i.e., CH4 and
CO2. During the pulse, the electron impact reactions were
found to be dominant, whereas chemical reactions with radicals
were of primary importance in the afterglow.
We also investigated the accumulation effect of five

consecutive microdischarge pulses and performed simulations
for real time scales, following a large number of discharge
pulses, to calculate the conversion of the gases, the selectivity of
the products, and the energy cost and energy efficiency of the
process. The calculated conversion for a range of different SEI
values was found in good agreement with experiments, but a
more extensive validation of the model, with respect to the
selectivity of the formed products, needs to be carried out in
future work. The main reaction products are syngas (in a H2/
CO ratio of ∼1.5), as well as, to a lower extent, formaldehyde
and methanol, which are all important for the chemical
industry. Finally, the energy cost and energy efficiency of the
process were calculated but were found to be not yet
competitive with the existing classical dry reforming process.
However, it should be mentioned that the process under study
is far from optimized yet. Indeed, the main focus of the present

Figure 16. Calculated (open symbols) and experimentally measured
(full black symbols + trend line) energy efficiency as a function of SEI.
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paper was on understanding the underlying chemical processes.
A more extensive study of conversion and selectivity, and
especially energy cost and energy efficiency, will be carried out
in future work, among others by investigating the combination
with catalysis and by the use of other types of plasma reactors.
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Microwave-Assisted Dry Reforming of Methane. Int. J. Hydrogen
Energy 2008, 33 (16), 4337−4344.

(51) Zhang, J. Q.; Yang, Y. J.; Zhang, J. S.; Liu, Q. Study on the
Conversion of CH4 and CO2 Using a Pulsed Microwave Plasma
Under Atmospheric Pressure. Acta Chim. Sin. 2002, 60 (11), 1973−
1980.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp311912b | J. Phys. Chem. C 2013, 117, 4957−49704970



     S1 

Plasma-Based Dry Reforming: A Computational 

Study Ranging from Nanoseconds to Seconds 

Timescale 

Ramses Snoeckx
1
, Robby Aerts

1
, Xin Tu

2
 and Annemie Bogaerts

*1 

1
Research group PLASMANT, University of Antwerp, Department of Chemistry 

Universiteitsplein 1, B-2610 Wilrijk-Antwerp, Belgium 

 

2
 Department of Electrical Engineering and Electronics, University of Liverpool, Liverpool L69 

3GJ, United Kingdom 

 

 

Overview of the reactions included in the model. 

Table 1: 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. For the vibrational and electronic 

excitations, several individual excitations are included, as indicated by the number between 

brackets. 



     S2 

Momentum Transfer e- + CH4   → e- + CH4       1 

Vibrational Excitation e- + CH4   → e- + CH4
*     (2)  1 

Ionization e- + CH4   → 2e- + CH4
+       2 

Dissociative Ionization e- + CH4   → 2e- + CH3
+ + H     2 

 e- + CH4   → 2e- + CH2
+ + H2     2 

Dissociation e- + CH4   → e- + CH3 + H     3, 4 

 e- + CH4   → e- + CH2 + H2     3, 4 

 e- + CH4   → e- + CH + H2 + H   3, 4 

 e- + CH4   → e- + C + 2H2     3, 4 

Ionization e- + CH3   → 2e- + CH3
+       2 

Dissociative Ionization e- + CH3   → 2e- + CH2
+ + H     2 

 e- + CH3   → 2e- + CH+ + H2     2 

Dissociation e- + CH3   → e- + CH2 + H     3, 4 

 e- + CH3   → e- + CH + H2     3, 4 

Ionization e- + CH2   → 2e- + CH2
+       2 

Dissociation e- + CH2   → e- + CH + H     3, 4 

Ionization e- + CH   → 2e- + CH+       2 

Dissociation e- + CH   → e- + C + H     3, 4 

Momentum Transfer e- + C2H6   → e- + C2H6       1 

Vibrational Excitation e- + C2H6   → e- + C2H6
*     (3)  1 

Ionization e- + C2H6   → 2e- + C2H6
+       2 

Dissociative Ionization e- + C2H6   → 2e- + C2H5
+ + H     2 

 e- + C2H6   → 2e- + C2H4
+ + H2     2 

 e- + C2H6   → 2e- + C2H3
+ + H2 + H   2 

 e- + C2H6   → 2e- + C2H2
+ + 2H2     2 

 e- + C2H6   → 2e- + CH3
+ + CH3     2 

Dissociation e- + C2H6   → e- + C2H5 + H     5, 6 

 e- + C2H6   → e- + C2H4 + H2     5, 6 

Ionization e- + C2H5   → 2e- + C2H5
+       2 

Dissociative Ionization e- + C2H5   → 2e- + C2H4
+ + H     2 

 e- + C2H5   → 2e- + C2H3
+ + H2     2 
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 e- + C2H5   → 2e- + C2H2
+ + H2 + H   2 

Dissociation e- + C2H5   → e- + C2H4 + H     5, 6 

 e- + C2H5   → e- + C2H3 + H2     5, 6 

Momentum Transfer e- + C2H4   → e- + C2H4       1 

Vibrational Excitation e- + C2H4   → e- + C2H4
*     (2)  1 

Ionization e- + C2H4   → 2e- + C2H4
+       2 

Dissociative Ionization e- + C2H4   → 2e- + C2H3
+ + H     2 

 e- + C2H4   → 2e- + C2H2
+ + H2     2 

Dissociation e- + C2H4   → e- + C2H3 + H     5, 6 

 e- + C2H4   → e- + C2H2 + H2     5, 6 

Ionization e- + C2H3   → 2e- + C2H3
+       2 

Dissociative Ionization e- + C2H3   → 2e- + C2H2
+ + H     2 

Dissociation e- + C2H3   → e- + C2H2 + H     5, 6 

 e- + C2H3   → e- + C2H + H2     5, 6 

Momentum Transfer e- + C2H2   → e- + C2H2       1 

Vibrational Excitation e- + C2H2   → e- + C2H2
*     (3)  1 

Ionization e- + C2H2   → 2e- + C2H2
+       2 

Dissociation e- + C2H2   → e- + C2H + H     5, 6 

Dissociation e- + C2H   → e- + C + CH     5, 6 

Momentum Transfer e- + C3H8   → e- + C3H8       1 

Vibrational Excitation e- + C3H8   → e- + C3H8
*     (2)  1 

Dissociative Ionization e- + C3H8   → 2e- + C2H5
+ + CH3     2 

 e- + C3H8   → 2e- + C2H4
+ + CH4     2 

Dissociation e- + C3H8   → e- + C3H7 + H     5, 6 

 e- + C3H8   → e- + C3H6 + H2     5, 6 

 e- + C3H8   → e- + C2H4 + CH4     5, 6 

Dissociative Ionization e- + C3H7   → 2e- + C2H5
+ + CH2     5, 6 

 e- + C3H7   → 2e- + C2H4
+ + CH3     5, 6 

 e- + C3H7   → 2e- + C2H3
+ + CH4     5, 6 

 e- + C3H7   → 2e- + CH3
+ + C2H4     5, 6 

Dissociation e- + C3H7   → e- + C3H6 + H     5, 6 
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 e- + C3H7   → e- + C2H4 + CH3     5, 6 

 e- + C3H7   → e- + C2H3 + CH4     5, 6 

Dissociative Ionization e- + C3H6   → 2e- + C2H5
+ + CH     5, 6 

 e- + C3H6   → 2e- + C2H4
+ + CH2     5, 6 

 e- + C3H6   → 2e- + C2H3
+ + CH3     5, 6 

 e- + C3H6   → 2e- + C2H2
+ + CH4     5, 6 

 e- + C3H6   → 2e- + CH3
+ + C2H3     5, 6 

Dissociation e- + C3H6   → e- + C2H2 + CH4     5, 6 

Momentum Transfer e- + H2   → e- + H2       7 

Vibrational Excitation e- + H2   → e- + H2
*     (3)  8 

Dissociation e- + H2   → e- + 2H       9 

Momentum Transfer e- + O2   → e- + O2       10 

Ionization e- + O2   → 2e- + O2
+       11 

Dissociative Attachment e- + O2   → O- + O       10 

Dissociation e- + O2   → e- + 2O     (2)  10 

Momentum Transfer e- + O   → e- + O       12 

Electronic Excitation e- + O   → e- + O*     (2)  13 

Attachment e- + O + O2 → O- + O2       10 

Momentum Transfer e- + CO2   → e- + CO2       14 

Vibrational Excitation e- + CO2   → e- + CO2
*     (3)  14 

Electronic Excitation e- + CO2   → e- + CO2
*     (2)  15 

Ionization e- + CO2   → 2e- + CO2
+       14 

Dissociative Attachment e- + CO2   → O- + CO       14 

Dissociation e- + CO2   → e- + CO + O     14 

Momentum Transfer e- + CO   → e- + CO       8 

Vibrational Excitation e- + CO   → e- + CO*     (1)  8 

Electronic Excitation e- + CO   → e- + CO*     (5)  15 

Dissociative Attachment e- + CO   → O- + C       16 

Dissociation e- + CO   → e- + C + O     17 

Momentum Transfer e- + H2O   → e- + H2O       18 

Vibrational Excitation e- + H2O   → e- + H2O
*     (2)  18 
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Dissociative Attachment e- + H2O   → O- + H2       18 

 e- + H2O   → OH- + H       18 

Dissociation e- + H2O   → e- + OH + H     18 

 e- + H2O   → e- + O + H2     18 

Dissociation e- + OH   → e- + O + H     19 
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Table 2: Electron-ion recombination reactions included in the model, as well as the 

corresponding rate coefficients for 300 K and the references where these data were adopted 

from. 

 

e- + CH5
+ → CH3 + 2H     2.57 x 10-07 cm3 s-1 3, 20 

e- + CH5
+ → CH2 + H2 + H 6.10 x 10-08 cm3 s-1 3, 20 

e- + CH4
+ → CH3 + H     1.18 x 10-08 cm3 s-1 3, 20 

e- + CH4
+ → CH2 + 2H     2.42 x 10-08 cm3 s-1 3, 20 

e- + CH4
+ → CH + H2 + H 1.41 x 10-08 cm3 s-1 3, 20 

e- + CH3
+ → CH2 + H     2.25 x 10-08 cm3 s-1 3, 20 

e- + CH3
+ → CH + H2     7.88 x 10-09 cm3 s-1 3, 20 

e- + CH3
+ → CH + 2H     9.00 x 10-09 cm3 s-1 3, 20 

e- + CH3
+ → C + H2 + H 1.69 x 10-08 cm3 s-1 3, 20 

e- + CH2
+ → CH + H     1.00 x 10-08 cm3 s-1 3, 20 

e- + CH2
+ → C + H2     4.82 x 10-09 cm3 s-1 3, 20 

e- + CH2
+ → C + 2H     2.53 x 10-08 cm3 s-1 3, 20 

e- + CH+ → C + H     3.23 x 10-08 cm3 s-1 3, 20 

e- + C2H6
+ → C2H5 + H     2.19 x 10-08 cm3 s-1 6 

e- + C2H6
+ → C2H4 + 2H     3.36 x 10-08 cm3 s-1 6 

e- + C2H5
+ → C2H4 + H     7.70 x 10-09 cm3 s-1 6 

e- + C2H5
+ → C2H3 + 2H     1.92 x 10-08 cm3 s-1 6 

e- + C2H5
+ → C2H2 + H2 + H 1.9 x 10-08 cm3 s-1 6 

e- + C2H5
+ → C2H2 + 3H     8.98 x 10-09 cm3 s-1 6 

e- + C2H5
+ → CH3 + CH2     9.62 x 10-09 cm3 s-1 6 

e- + C2H4
+ → C2H3 + H     8.29 x 10-09 cm3 s-1 6 

e- + C2H4
+ → C2H2 + 2H     3.43 x 10-08 cm3 s-1 6 

e- + C2H4
+ → C2H + H2 + H 5.53 x 10-09 cm3 s-1 6 

e- + C2H3
+ → C2H2 + H     1.34 x 10-08 cm3 s-1 6 
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e- + C2H3
+ → C2H + 2H     2.74 x 10-08 cm3 s-1 6 

e- + C2H2
+ → C2H + H     1.87 x 10-08 cm3 s-1 6 

e- + C2H2
+ → 2CH         4.87 x 10-09 cm3 s-1 6 

e- + O2
+ → O + O   1.94 x 10-20 cm3 s-1 21 

e- + O2
+ + O2 → O2 + O2   1.00 x 10-26 cm3 s-1 21 

e- + CO2
+ → CO + O   2.71 x 10-07 cm3 s-1 20 

e- + H3O
+ → H2O + H   2.45 x 10-08 cm3 s-1 20 

e- + H3O
+ → OH + H2   6.58 x 10-09 cm3 s-1 20 

e- + H3O
+ → OH + 2H   4.02 x 10-09 cm3 s-1 20 
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Table 3: Neutral-neutral reactions included in the model, as well as the corresponding rate 

coefficients for 300 K and the references where these data were adopted from. Note a means that 

this value is an estimated value; note b means that the rate coefficient is adjusted in the model for 

a three-body collision by dividing by 2.446 x 10
19

 cm
-3

, i.e., the density of the background gas. 

 

CH4 + CH2   → CH3 + CH3   3.01 x 10-19 cm3 s-1  22 

CH4 + CH   → C2H4 + H   9.74 x 10-11 cm3 s-1  23 

CH4 + C2H5   → C2H6 + CH3   1.83 x 10-24 cm3 s-1  22 

CH4 + C2H3   → C2H4 + CH3   2.28 x 10-18 cm3 s-1  22 

CH4 + C2H   → C2H2 + CH3   1.31 x 10-12 cm3 s-1  22 

CH4 + C3H7   → C3H8 + CH3   4.38 x 10-24 cm3 s-1  24 

CH4 + H   → CH3 + H2   8.43 x 10-19 cm3 s-1  23 

CH3 + CH3   → C2H5 + H   2.71 x 10-19 cm3 s-1  25 

CH3 + CH3 + M → C2H6 + M   1.56 x 10-26 cm6 s-1  23 

CH3 + CH2   → C2H4 + H   7.01 x 10-11 cm3 s-1  23 

CH3 + C2H6   → C2H5 + CH4   7.21 x 10-21 cm3 s-1  23 

CH3 + C2H5   → C2H4 + CH4   1.91 x 10-12 cm3 s-1  23 

CH3 + C2H5 + M → C3H8 + M   1.00 x 10-28 cm6 s-1  a 

CH3 + C2H4   → C2H3 + CH4   1.94 x 10-21 cm3 s-1  22 

CH3 + C2H3   → C2H2 + CH4   6.51 x 10-13 cm3 s-1  22 

CH3 + C2H3 + M → C3H6 + M 

  1.20 x 10-10 cm3 s-1 

 

26 

  4.91 x 10-30 cm6 s-1 b 

CH3 + C2H2   → CH4 + C2H   7.65 x 10-26 cm3 s-1  22 

CH3 + C3H8   → C3H7 + CH4   1.02 x 10-20 cm3 s-1  24 

CH3 + C3H7   → C3H6 + CH4   3.07 x 10-12 cm3 s-1  24 

CH3 + H2   → CH4 + H   9.9 x 10-21 cm3 s-1  23 

CH3 + H   → CH2 + H2   9.96 x 10-22 cm3 s-1  23 

CH3 + H + M → CH4 + M   2.97 x 10-28 cm6 s-1  23 
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CH2 + CH2   → C2H2 + 2H   5.27 x 10-11 cm3 s-1  23 

CH2 + C2H5   → C2H4 + CH3   3.01 x 10-11 cm3 s-1  22 

CH2 + C2H3   → C2H2 + CH3   3.01 x 10-11 cm3 s-1  22 

CH2 + C2H   → C2H2 + CH   3.01 x 10-11 cm3 s-1  22 

CH2 + C3H8   → C3H7 + CH3   1.02 x 10-20 cm3 s-1  24 

CH2 + C3H7   → C2H4 + C2H5   3.01 x 10-11 cm3 s-1  24 

CH2 + C3H7   → C3H6 + CH3   3.01 x 10-12 cm3 s-1  24 

CH2 + H2   → CH3 + H   5.00 x 10-15 cm3 s-1  22 

CH2 + H   → CH + H2   2.01 x 10-10 cm3 s-1  23 

CH + C2H6 + M → C3H7 + M 

  2.78 x 10-10 cm3 s-1 

 

23 

  1.14 x 10-29 cm6 s-1 b 

CH + H2   → CH2 + H   6.80 x 10-13 cm3 s-1  23 

CH + H   → C + H2   1.00 x 10-10 cm3 s-1  27 

C + H2   → CH + H   1.50 x 10-10 cm3 s-1  28 

C2H6 + C2H3   → C2H5 + C2H4   3.39 x 10-21 cm3 s-1  22 

C2H6 + C2H   → C2H2 + C2H5   5.99 x 10-12 cm3 s-1  22 

C2H6 + C3H7   → C3H8 + C2H5   3.16 x 10-22 cm3 s-1  24 

C2H6 + H   → C2H5 + H2   4.96 x 10-17 cm3 s-1  23 

C2H5 + C2H5   → C2H6 + C2H4   2.41 x 10-12 cm3 s-1  23 

C2H5 + C2H   → C2H4 + C2H2   3.01 x 10-12 cm3 s-1  22 

C2H5 + C3H8   → C2H6 + C3H7   3.62 x 10-22 cm3 s-1  24 

C2H5 + C3H7   → C3H8 + C2H4   1.91 x 10-12 cm3 s-1  24 

C2H5 + C3H7   → C3H6 + C2H6   2.41 x 10-12 cm3 s-1  24 

C2H5 + H2   → C2H6 + H   2.97 x 10-21 cm3 s-1  22 

C2H5 + H   → CH3 + CH3   5.99 x 10-11 cm3 s-1  23 

C2H5 + H   → C2H4 + H2   3.01 x 10-12 cm3 s-1  22 

C2H5 + H + M → C2H6 + M 

  2.25 x 10-10 cm3 s-1 

 

29 

  9.20 x 10-30 cm6 s-1 b 

C2H4 + C2H   → C2H2 + C2H3   1.40 x 10-10 cm3 s-1  26 

C2H4 + H   → C2H3 + H2   4.92 x 10-21 cm3 s-1  22 

C2H4 + H + M → C2H5 + M   3.66 x 10-30 cm6 s-1  23 
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C2H3 + C2H3   → C2H4 + C2H2   1.9 x 10-12 cm3 s-1  22 

C2H3 + C2H   → C2H2 + C2H2   1.9 x 10-12 cm3 s-1  22 

C2H3 + C3H8   → C2H4 + C3H7   3.40 x 10-21 cm3 s-1  24 

C2H3 + C3H7   → C3H8 + C2H2   2.01 x 10-12 cm3 s-1  24 

C2H3 + C3H7   → C3H6 + C2H4   2.01 x 10-12 cm3 s-1  24 

C2H3 + H2   → C2H4 + H   9.78 x 10-20 cm3 s-1  22 

C2H3 + H   → C2H2 + H2   2.01 x 10-11 cm3 s-1  23 

C2H3 + H + M → C2H4 + M 

  2.02 x 10-10 cm3 s-1 

 

29 

  8.26 x 10-30 cm6 s-1 b 

C2H2 + C2H   → C4H2 + H   1.50 x 10-10 cm3 s-1  30 

C2H2 + H   → C2H + H2   6.12 x 10-27 cm3 s-1  22 

C2H2 + H + M → C2H3 + M   2.81 x 10-31 cm6 s-1  23 

C2H + C3H8   → C2H2 + C3H7   5.99 x 10-12 cm3 s-1  24 

C2H + C3H7   → C3H6 + C2H2   1.00 x 10-11 cm3 s-1  24 

C2H + H2   → C2H2 + H   1.52 x 10-13 cm3 s-1  22 

C2H + H + M → C2H2 + M 

  2.31 x 10-10 cm3 s-1 

 

29 

  9.44 x 10-30 cm6 s-1 b 

C3H8 + H   → C3H7 + H2   5.15 x 10-17 cm3 s-1  24 

C3H7 + C3H7   → C3H6 + C3H8   2.81 x 10-12 cm3 s-1  24 

C3H7 + H2   → C3H8 + H   7.12 x 10-21 cm3 s-1  24 

C3H7 + H   → C3H6 + H2   3.01 x 10-12 cm3 s-1  24 

C3H7 + H + M → C3H8 + M 

  9.68 x 10-11 cm3 s-1 

 

29 

  3.96 x 10-30 cm6 s-1 b 

C3H6 + H + M → C3H7 + M 

  9.26 x 10-14 cm3 s-1 

 

31 

  3.79 x 10-33 cm6 s-1 b 

H + H + M → H2 + M   6.00 x 10-33 cm6 s-1  23 

O + O + O → O2 + O   5.09 x 10-33 cm6 s-1  32 

O + O + M → O2 + M   7.19 x 10-33 cm6 s-1  32 

CH4 + O   → CH3 + OH   5.54 x 10-18 cm3 s-1  23 

CH3 + O   → CH2O + H   1.12 x 10-10 cm3 s-1  32 

CH3 + O   → CO + H2 + H 2.80 x 10-11 cm3 s-1  33 
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CH2 + O   → CO + H2   5.53 x 10-11 cm3 s-1  33 

CH2 + O   → CO + 2H   8.29 x 10-11 cm3 s-1  33 

CH2 + O2   → CO2 + H2   1.42 x 10-12 cm3 s-1  23, 34 

CH2 + O2   → CO + H2O   1.42 x 10-12 cm3 s-1  23, 34 

CH2 + O2   → CH2O + O   5.39 x 10-13 cm3 s-1  23, 34 

CH + O   → CO + H   6.9 x 10-11 cm3 s-1  23 

CH + O2   → CO2 + H   1.20 x 10-11 cm3 s-1  33 

CH + O2   → CO + OH   8.00 x 10-12 cm3 s-1  33 

CH + O2   → CHO + O   8.00 x 10-12 cm3 s-1  33 

CH + O2   → CO + H + O 1.20 x 10-11 cm3 s-1  33 

C + O2   → CO + O   2.45 x 10-13 cm3 s-1  35 

C2H6 + O   → C2H5 + OH   5.11 x 10-16 cm3 s-1  23 

C2H5 + O   → CH3CHO + H   8.80 x 10-11 cm3 s-1  33 

C2H5 + O   → CH2O + CH3   6.9 x 10-11 cm3 s-1  33 

C2H5 + O   → C2H4 + OH   4.40 x 10-11 cm3 s-1  33 

C2H5 + O2   → C2H4 + HO2   3.80 x 10-15 cm3 s-1  36 

C2H5 + O2 + CH4 → C2H5O2 + CH4   5.75 x 10-29 cm6 s-1  36 

C2H4 + O   → CH2CHO + H   2.63 x 10-13 cm3 s-1  33 

C2H4 + O   → CHO + CH3   4.51 x 10-13 cm3 s-1  33 

C2H3 + O   → C2H2 + OH   1.25 x 10-11 cm3 s-1  33 

C2H3 + O   → CO + CH3   1.25 x 10-11 cm3 s-1  33 

C2H3 + O   → CHO + CH2   1.25 x 10-11 cm3 s-1  33 

C2H3 + O   → CH2CO + H   1.25 x 10-11 cm3 s-1  33 

C2H3 + O2   → CH2O + CHO   9.00 x 10-12 cm3 s-1  23 

C2H2 + O   → CH2 + CO   6.75 x 10-14 cm3 s-1  23 

C2H2 + O   → C2HO + H   6.75 x 10-14 cm3 s-1  23 

C2H + O   → CH + CO   1.70 x 10-11 cm3 s-1  23 

C2H + O2   → CHO + CO   3.00 x 10-11 cm3 s-1  23 

C2H + O2   → C2HO + O   1.00 x 10-12 cm3 s-1  22 

C3H8 + O   → C3H7 + OH   2.73 x 10-15 cm3 s-1  24 

H2 + O   → OH + H   9.32 x 10-18 cm3 s-1  23 



     S12 

H + O + CH4 → OH + CH4   4.33 x 10-32 cm6 s-1  22 

H + O2   → OH + O   1.87 x 10-22 cm3 s-1  23 

H + O2 + CH4 → HO2 + CH4   5.40 x 10-32 cm6 s-1  37 

CH4 + OH   → CH3 + H2O   6.62 x 10-15 cm3 s-1  36 

CH4 + HO2   → CH3 + H2O2   8.76 x 10-27 cm3 s-1  22 

CH4 + CHO   → CH3 + CH2O   6.07 x 10-30 cm3 s-1  22 

CH4 + CH3O   → CH3OH + CH3   9.42 x 10-20 cm3 s-1  22 

CH3 + CO + CH4 → CH3CO + CH4   4.19 x 10-36 cm6 s-1  30 

CH3 + H2O   → CH4 + OH   1.82 x 10-25 cm3 s-1  22 

CH3 + OH   → CH2 + H2O   1.13 x 10-12 cm3 s-1  30 

CH3 + OH   → CH2OH + H   1.31 x 10-11 cm3 s-1  38 

CH3 + OH   → CH3O + H   1.9 x 10-10 cm3 s-1  38 

CH3 + OH + M → CH3OH + M   2.30 x 10-27 cm6 s-1  30 

CH3 + HO2   → CH3O + OH   3.00 x 10-11 cm3 s-1  23 

CH3 + HO2   → CH4 + O2   5.99 x 10-12 cm3 s-1  22 

CH3 + CH2O   → CH4 + CHO   6.14 x 10-18 cm3 s-1  30 

CH3 + CHO   → CH4 + CO   2.00 x 10-10 cm3 s-1  22 

CH3 + CH3O   → CH4 + CH2O   4.00 x 10-11 cm3 s-1  22 

CH3 + CH3CHO   → CH4 + CH3CO   4.95 x 10-18 cm3 s-1  23 

CH2 + CO2   → CH2O + CO   3.90 x 10-14 cm3 s-1  22 

CH2 + H2O   → CH3 + OH   1.9 x 10-16 cm3 s-1  22 

CH2 + OH   → CH2O + H   3.00 x 10-11 cm3 s-1  22 

CH2 + HO2   → CH2O + OH   3.00 x 10-11 cm3 s-1  22 

CH2 + CH2O   → CH3 + CHO   1.00 x 10-14 cm3 s-1  22 

CH2 + CHO   → CH3 + CO   3.00 x 10-11 cm3 s-1  22 

CH2 + CH3O   → CH3 + CH2O   3.00 x 10-11 cm3 s-1  22 

CH + CO2   → CHO + CO   9.68 x 10-13 cm3 s-1  33 

CH + CO2   → 2CO + H   9.68 x 10-13 cm3 s-1  33 

CH + CO + M → C2HO + M   4.04 x 10-30 cm6 s-1  33 

C2H6 + OH   → C2H5 + H2O   2.46 x 10-13 cm3 s-1  36 

C2H6 + HO2   → C2H5 + H2O2   6.36 x 10-24 cm3 s-1  22 
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C2H6 + CHO   → C2H5 + CH2O   2.19 x 10-26 cm3 s-1  22 

C2H6 + CH3O   → C2H5 + CH3OH   2.72 x 10-18 cm3 s-1  22 

C2H5 + OH   → C2H4 + H2O   4.00 x 10-11 cm3 s-1  22 

C2H5 + HO2   → C2H6 + O2   5.00 x 10-13 cm3 s-1  22 

C2H5 + HO2   → C2H4 + H2O2   5.00 x 10-13 cm3 s-1  22 

C2H5 + CH2O   → C2H6 + CHO   4.47 x 10-18 cm3 s-1  22 

C2H5 + CHO   → C2H6 + CO   2.00 x 10-10 cm3 s-1  22 

C2H5 + CH3O   → C2H6 + CH2O   4.00 x 10-11 cm3 s-1  22 

C2H4 + OH   → C2H3 + H2O   1.54 x 10-16 cm3 s-1  22 

C2H4 + HO2   → CH3CHO + OH   1.62 x 10-20 cm3 s-1  22 

C2H3 + H2O   → C2H4 + OH   1.82 x 10-25 cm3 s-1  22 

C2H3 + OH   → C2H2 + H2O   5.00 x 10-11 cm3 s-1  22 

C2H3 + CH2O   → C2H4 + CHO   4.41 x 10-18 cm3 s-1  22 

C2H3 + CHO   → C2H4 + CO   1.50 x 10-10 cm3 s-1  22 

C2H3 + CH3O   → C2H4 + CH2O   4.00 x 10-11 cm3 s-1  22 

C2H2 + OH   → C2H + H2O   1.77 x 10-22 cm3 s-1  22 

C2H2 + HO2   → CH2CO + OH   1.62 x 10-20 cm3 s-1  22 

C2H + OH   → CH2 + CO   3.00 x 10-11 cm3 s-1  22 

C2H + OH   → C2H2 + O   3.00 x 10-11 cm3 s-1  22 

C2H + HO2   → C2H2 + O2   3.00 x 10-11 cm3 s-1  22 

C2H + HO2   → C2HO + OH   3.00 x 10-11 cm3 s-1  22 

C2H + CHO   → C2H2 + CO   1.00 x 10-10 cm3 s-1  22 

C2H + CH3O   → C2H2 + CH2O   4.00 x 10-11 cm3 s-1  22 

C3H8 + OH   → C3H7 + H2O   3.76 x 10-15 cm3 s-1  24 

C3H8 + CH3O   → C3H7 + CH3OH   1.42 x 10-17 cm3 s-1  24 

C3H7 + CH2O   → C3H8 + CHO   4.10 x 10-18 cm3 s-1  24 

C3H7 + CHO   → C3H8 + CO   1.00 x 10-10 cm3 s-1  24 

C3H7 + CH3O   → C3H8 + CH2O   4.00 x 10-11 cm3 s-1  24 

H2 + OH   → H + H2O   7.02 x 10-15 cm3 s-1  37 

H2 + CHO   → H + CH2O   2.78 x 10-26 cm3 s-1  22 

H + CO2   → CO + OH   1.40 x 10-29 cm3 s-1  22 
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H + CO + M → CHO + M   1.54 x 10-34 cm6 s-1  30 

H + H2O   → H2 + OH   5.86 x 10-26 cm3 s-1  23 

H + OH   → H2 + O   1.05 x 10-16 cm3 s-1  22 

H + OH + M → H2O + M   4.33 x 10-30 cm6 s-1  23 

H + HO2   → H2 + O2   5.9 x 10-12 cm3 s-1  37 

H + HO2   → H2O + O   2.40 x 10-12 cm3 s-1  37 

H + HO2   → OH + OH   7.20 x 10-11 cm3 s-1  37 

H + CH2O   → H2 + CHO   5.72 x 10-14 cm3 s-1  30 

H + CHO   → H2 + CO   1.50 x 10-10 cm3 s-1  23 

H + CH3O   → H2 + CH2O   2.32 x 10-11 cm3 s-1  33 

H + CH3O   → CH3 + OH   9.93 x 10-12 cm3 s-1  33 

H + CH3CHO   → H2 + CH3CO   8.98 x 10-14 cm3 s-1  23 

H + CH2CO   → CH3 + CO   1.04 x 10-13 cm3 s-1  23 

H + C2HO   → CH2 + CO   2.50 x 10-10 cm3 s-1  23 

O + CO + M → CO2 + M   1.11 x 10-35 cm6 s-1  22 

O + H2O   → OH + OH   4.48 x 10-24 cm3 s-1  22 

O + OH   → H + O2   3.46 x 10-11 cm3 s-1  37 

O + HO2   → O2 + OH   5.70 x 10-11 cm3 s-1  37 

O + CH2O   → OH + CHO   1.73 x 10-13 cm3 s-1  23 

O + CHO   → CO + OH   5.00 x 10-11 cm3 s-1  23 

O + CHO   → H + CO2   5.00 x 10-11 cm3 s-1  23 

O + CH3O   → CH3 + O2   2.20 x 10-11 cm3 s-1  23 

O + CH3O   → OH + CH2O   3.00 x 10-12 cm3 s-1  23 

O + CH3CHO   → OH + CH3CO   4.68 x 10-13 cm3 s-1  23 

O + CH2CO   → CH2 + CO2   2.29 x 10-13 cm3 s-1  23, 39 

O + CH2CO   → CH2O + CO   7.88 x 10-14 cm3 s-1  23, 39 

O + CH2CO   → CHO + CO + H 4.33 x 10-14 cm3 s-1  23, 39 

O + CH2CO   → CHO + CHO   4.33 x 10-14 cm3 s-1  23, 39 

O + C2HO   → CO + CO + H 1.9 x 10-10 cm3 s-1  23 

O2 + CHO   → CO + HO2   5.10 x 10-12 cm3 s-1  36 

O2 + CH3O   → CH2O + HO2   1.97 x 10-15 cm3 s-1  36 
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O2 + CH2CHO   → CH2O + CO + OH 3.00 x 10-14 cm3 s-1  23,40,41 

O2 + C2HO   → CO + CO + OH 6.46 x 10-13 cm3 s-1  23 

CO + OH   → CO2 + H   1.25 x 10-13 cm3 s-1  23 

CO + CH3O   → CO2 + CH3   6.56 x 10-20 cm3 s-1  22 

H2O + CH3O   → CH3OH + OH   1.67 x 10-14 cm3 s-1  42 

OH + OH   → H2O + O   1.47 x 10-12 cm3 s-1  37 

OH + OH + M → H2O2 + M   6.86 x 10-31 cm6 s-1  37 

OH + HO2   → O2 + H2O   1.10 x 10-10 cm3 s-1  37 

OH + CH2O   → H2O + CHO   8.47 x 10-12 cm3 s-1  36 

OH + CHO   → CO + H2O   1.70 x 10-10 cm3 s-1  23 

OH + CH3O   → CH2O + H2O   3.00 x 10-11 cm3 s-1  22 

OH + CH3CHO   → CH3CO + H2O   1.49 x 10-11 cm3 s-1  36 

OH + CH2CO   → CO + CH2OH   1.14 x 10-11 cm3 s-1  23, 43 

HO2 + HO2   → H2O2 + O2   1.63 x 10-12 cm3 s-1  37 

HO2 + CH2O   → CHO + H2O2   1.05 x 10-20 cm3 s-1  22 

HO2 + CHO   → OH + H + CO2 5.00 x 10-11 cm3 s-1  22 

HO2 + CH3O   → CH2O + H2O2   5.00 x 10-13 cm3 s-1  22 

CH2O + CH3O   → CH3OH + CHO   1.14 x 10-15 cm3 s-1  22 

CHO + CHO   → CH2O + CO   5.00 x 10-11 cm3 s-1  23 

CHO + CH3O   → CH3OH + CO   1.50 x 10-10 cm3 s-1  22 

CH3O + CH3O   → CH2O + CH3OH   1.00 x 10-10 cm3 s-1  22 

CH4 + CH3CO   → CH3CHO + CH3   1.14 x 10-29 cm3 s-1  22 

CH4 + CH2OH   → CH3OH + CH3   2.55 x 10-27 cm3 s-1  44 

CH3 + H2O2   → CH4 + HO2   5.46 x 10-14 cm3 s-1  22 

CH3 + CH3OH   → CH4 + CH3O   1.01 x 10-20 cm3 s-1  44 

CH3 + CH3OH   → CH4 + CH2OH   2.66 x 10-20 cm3 s-1  44 

CH3 + CH2OH   → CH4 + CH2O   4.00 x 10-12 cm3 s-1  44 

CH2 + H2O2   → CH3 + HO2   1.00 x 10-14 cm3 s-1  22 

CH2 + CH3CO   → CH2CO + CH3   3.00 x 10-11 cm3 s-1  22 

CH2 + CH3OH   → CH3O + CH3   1.01 x 10-20 cm3 s-1  44 

CH2 + CH3OH   → CH2OH + CH3   2.66 x 10-20 cm3 s-1  44 
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CH2 + CH2OH   → CH2O + CH3   2.00 x 10-12 cm3 s-1  44 

CH2 + CH2OH   → C2H4 + OH   4.00 x 10-11 cm3 s-1  44 

C2H5 + H2O2   → C2H6 + HO2   2.83 x 10-15 cm3 s-1  22 

C2H5 + CH3OH   → C2H6 + CH3O   3.50 x 10-22 cm3 s-1  44 

C2H5 + CH3OH   → C2H6 + CH2OH   9.49 x 10-22 cm3 s-1  44 

C2H5 + CH2OH   → C2H6 + CH2O   4.00 x 10-12 cm3 s-1  44 

C2H5 + CH2OH   → CH3OH + C2H4   4.00 x 10-12 cm3 s-1  44 

C2H3 + H2O2   → C2H4 + HO2   5.46 x 10-14 cm3 s-1  22 

C2H3 + CH3OH   → C2H4 + CH3O   1.01 x 10-20 cm3 s-1  44 

C2H3 + CH3OH   → C2H4 + CH2OH   2.66 x 10-20 cm3 s-1  44 

C2H3 + CH2OH   → C2H4 + CH2O   5.00 x 10-11 cm3 s-1  44 

C2H2 + CH2OH   → C2H3 + CH2O   3.32 x 10-19 cm3 s-1  44 

C2H + CH3OH   → C2H2 + CH3O   2.00 x 10-12 cm3 s-1  44 

C2H + CH3OH   → C2H2 + CH2OH   1.00 x 10-11 cm3 s-1  44 

C2H + CH2OH   → C2H2 + CH2O   5.99 x 10-11 cm3 s-1  44 

C3H7 + OH   → C3H6 + H2O   4.00 x 10-11 cm3 s-1  24 

C3H7 + H2O2   → C3H8 + HO2   7.08 x 10-17 cm3 s-1  24 

C3H7 + CH3OH   → C3H8 + CH3O   3.51 x 10-22 cm3 s-1  24 

C3H7 + CH3OH   → C3H8 + CH2OH   8.45 x 10-22 cm3 s-1  24 

C3H7 + CH2OH   → C3H8 + CH2O   1.9 x 10-12 cm3 s-1  24 

C3H7 + CH2OH   → C3H6 + CH3OH   8.00 x 10-13 cm3 s-1  24 

H + H2O2   → H2O + OH   4.20 x 10-14 cm3 s-1  23 

H + H2O2   → H2 + HO2   5.15 x 10-15 cm3 s-1  23 

H + CH3OH   → CH2OH + H2   1.27 x 10-15 cm3 s-1  44 

H + CH3OH   → CH3O + H2   3.18 x 10-16 cm3 s-1  44 

H + CH2OH   → CH2O + H2   1.00 x 10-11 cm3 s-1  44 

H + CH2OH   → CH3 + OH   1.9 x 10-10 cm3 s-1  44 

H + CH2OH + M → CH3OH + M   

2.89 x 10-10 cm3 s-1  45 

1.18 x 10-29 cm6 s-1  b 

O + H2O2   → HO2 + OH   8.91 x 10-16 cm3 s-1  33 

O + H2O2   → O2 + H2O   8.91 x 10-16 cm3 s-1  33 
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O + CH3CO   → OH + CH2CO   8.75 x 10-11 cm3 s-1  33 

O + CH3CO   → CO2 + CH3   2.63 x 10-10 cm3 s-1  33 

O + CH3OH   → OH + CH2OH   1.12 x 10-14 cm3 s-1  46 

O + CH3OH   → OH + CH3O   1.68 x 10-15 cm3 s-1  46 

O + CH2OH   → CH2O + OH   7.00 x 10-11 cm3 s-1  44 

O2 + CH2OH   → CH2O + HO2   9.70 x 10-12 cm3 s-1  36 

OH + H2O2   → HO2 + H2O   1.70 x 10-12 cm3 s-1  37 

OH + CH3CO   → CH2CO + H2O   2.00 x 10-11 cm3 s-1  22 

OH + CH3CO   → CH3 + CO + OH 5.00 x 10-11 cm3 s-1  22 

OH + CH3OH   → H2O + CH2OH   7.67 x 10-13 cm3 s-1  36 

OH + CH3OH   → H2O + CH3O   1.35 x 10-13 cm3 s-1  36 

OH + CH2OH   → CH2O + H2O   4.00 x 10-11 cm3 s-1  44 

HO2 + CH3CO   → CH3 + CO2 + OH 5.00 x 10-11 cm3 s-1  22 

HO2 + CH3OH   → CH2OH + H2O2   1.10 x 10-22 cm3 s-1  44 

HO2 + CH2OH   → CH2O + H2O2   2.00 x 10-11 cm3 s-1  44 

CH2O + CH3CO   → CH3CHO + CHO   1.17 x 10-22 cm3 s-1  22 

CH2O + CH2OH   → CH3OH + CHO   4.22 x 10-18 cm3 s-1  44 

CHO + H2O2   → CH2O + HO2   1.50 x 10-18 cm3 s-1  22 

CHO + CH3CO   → CH3CHO + CO   1.50 x 10-11 cm3 s-1  22 

CHO + CH3OH   → CH2O + CH2OH   6.85 x 10-23 cm3 s-1  44 

CHO + CH2OH   → CH2O + CH2O   3.00 x 10-10 cm3 s-1  44 

CHO + CH2OH   → CH3OH + CO   2.00 x 10-10 cm3 s-1  44 

CH3O + CH3CO   → CH3OH + CH2CO   1.00 x 10-11 cm3 s-1  22 

CH3O + CH3OH   → CH3OH + CH2OH   5.38 x 10-16 cm3 s-1  44 

CH3O + CH2OH   → CH2O + CH3OH   4.00 x 10-11 cm3 s-1  44 

H2O2 + CH3CO   → CH3CHO + HO2   3.05 x 10-19 cm3 s-1  22 

H2O2 + CH2OH   → CH3OH + HO2   6.56 x 10-17 cm3 s-1  44 

CH3CO + CH3OH   → CH3CHO + CH2OH   2.22 x 10-22 cm3 s-1  44 

CH2OH + CH2OH   → CH2O + CH3OH   8.00 x 10-12 cm3 s-1  44 
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Table 4: Ion-neutral and ion-ion reactions included in the model, as well as the corresponding 

rate coefficients and the references where these data were adopted from. 

 

CH5
+ + CH2   → CH3

+ + CH4     9.9 x 10-10 cm3 s-1  47 

CH5
+ + CH   → CH2

+ + CH4     6.90 x 10-10 cm3 s-1  47 

CH5
+ + C   → CH+ + CH4     1.20 x 10-09 cm3 s-1  47 

CH5
+ + C2H6   → C2H5

+ + H2 + CH4   2.25 x 10-10 cm3 s-1  48 

CH5
+ + C2H4   → C2H5

+ + CH4     1.50 x 10-09 cm3 s-1  47 

CH5
+ + C2H2   → C2H3

+ + CH4     1.9 x 10-09 cm3 s-1  47 

CH5
+ + C2H   → C2H2

+ + CH4     9.00 x 10-10 cm3 s-1  47 

CH5
+ + H   → CH4

+ + H2     1.50 x 10-10 cm3 s-1  47 

CH5
+ + O   → H3O

+ + CH2     2.20 x 10-10 cm3 s-1  47 

CH5
+ + H2O   → H3O

+ + CH4     3.70 x 10-09 cm3 s-1  47 

CH4
+ + CH4   → CH5

+ + CH3     1.50 x 10-09 cm3 s-1  47 

CH4
+ + C2H6   → C2H4

+ + CH4 + H2   1.91 x 10-09 cm3 s-1  48 

CH4
+ + C2H4   → C2H5

+ + CH3     4.23 x 10-10 cm3 s-1  47 

CH4
+ + C2H4   → C2H4

+ + CH4     1.38 x 10-09 cm3 s-1  47 

CH4
+ + C2H2   → C2H3

+ + CH3     1.23 x 10-09 cm3 s-1  47 

CH4
+ + C2H2   → C2H2

+ + CH4     1.13 x 10-09 cm3 s-1  47 

CH4
+ + H2   → CH5

+ + H     3.30 x 10-11 cm3 s-1  47 

CH4
+ + H   → CH3

+ + H2     1.00 x 10-11 cm3 s-1  47 

CH4
+ + O   → CH3

+ + OH     1.00 x 10-09 cm3 s-1  47 

CH4
+ + O2   → O2

+ + CH4     3.90 x 10-10 cm3 s-1  47 

CH4
+ + H2O   → H3O

+ + CH3     2.9 x 10-09 cm3 s-1  47 

CH3
+ + CH4   → CH4

+ + CH3     1.36 x 10-10 cm3 s-1  49 

CH3
+ + CH4   → C2H5

+ + H2     1.20 x 10-09 cm3 s-1  47 

CH3
+ + CH2   → C2H3

+ + H2     9.90 x 10-10 cm3 s-1  47 

CH3
+ + CH   → C2H2

+ + H2     7.10 x 10-10 cm3 s-1  47 

CH3
+ + C2H6   → C2H5

+ + CH4     1.48 x 10-09 cm3 s-1  47 
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CH3
+ + C2H4   → C2H3

+ + CH4     3.50 x 10-10 cm3 s-1  47 

CH3
+ + C2H3   → C2H3

+ + CH3     3.00 x 10-10 cm3 s-1  47 

CH2
+ + CH4   → CH3

+ + CH3     1.38 x 10-10 cm3 s-1  50 

CH2
+ + CH4   → C2H5

+ + H     3.9 x 10-10 cm3 s-1  47 

CH2
+ + CH4   → C2H4

+ + H2     8.40 x 10-10 cm3 s-1  47 

CH2
+ + CH4   → C2H3

+ + H2 + H   2.31 x 10-10 cm3 s-1  50 

CH2
+ + CH4   → C2H2

+ + 2H2     3.97 x 10-10 cm3 s-1  50 

CH2
+ + H2   → CH3

+ + H     1.9 x 10-09 cm3 s-1  47 

CH+ + CH4   → C2H4
+ + H     6.50 x 10-11 cm3 s-1  47 

CH+ + CH4   → C2H3
+ + H2     1.09 x 10-09 cm3 s-1  47 

CH+ + CH4   → C2H2
+ + H2 + H   1.43 x 10-10 cm3 s-1  47 

CH+ + H2   → CH2
+ + H     1.20 x 10-09 cm3 s-1  47 

CH+ + H2O   → H3O
+ + C     5.80 x 10-10 cm3 s-1  47 

C2H6
+ + C2H4   → C2H4

+ + C2H6     1.15 x 10-09 cm3 s-1  47 

C2H6
+ + C2H2   → C2H5

+ + C2H3     2.47 x 10-10 cm3 s-1  47 

C2H6
+ + H   → C2H5

+ + H2     1.00 x 10-10 cm3 s-1  47 

C2H6
+ + H2O   → H3O

+ + C2H5     2.95 x 10-09 cm3 s-1  47 

C2H5
+ + H   → C2H4

+ + H2     1.00 x 10-11 cm3 s-1  47 

C2H5
+ + H2O   → H3O

+ + C2H4     1.40 x 10-09 cm3 s-1  47 

C2H4
+ + C2H3   → C2H5

+ + C2H2     5.00 x 10-10 cm3 s-1  47 

C2H4
+ + C2H3   → C2H3

+ + C2H4     5.00 x 10-10 cm3 s-1  47 

C2H4
+ + H   → C2H3

+ + H2     3.00 x 10-10 cm3 s-1  47 

C2H4
+ + O   → CH3

+ + CHO     1.08 x 10-10 cm3 s-1  47 

C2H3
+ + C2H6   → C2H5

+ + C2H4     2.91 x 10-10 cm3 s-1  47 

C2H3
+ + C2H4   → C2H5

+ + C2H2     8.90 x 10-10 cm3 s-1  47 

C2H3
+ + C2H3   → C2H5

+ + C2H     5.00 x 10-10 cm3 s-1  47 

C2H3
+ + C2H   → C2H2

+ + C2H2     3.30 x 10-10 cm3 s-1  47 

C2H3
+ + H   → C2H2

+ + H2     6.80 x 10-11 cm3 s-1  47 

C2H3
+ + H2O   → H3O

+ + C2H2     1.11 x 10-09 cm3 s-1  47 

C2H2
+ + CH4   → C2H3

+ + CH3     4.10 x 10-09 cm3 s-1  50 

C2H2
+ + C2H6   → C2H5

+ + C2H3     1.31 x 10-10 cm3 s-1  48 
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C2H2
+ + C2H6   → C2H4

+ + C2H4     2.48 x 10-10 cm3 s-1  47 

C2H2
+ + C2H4   → C2H4

+ + C2H2     4.14 x 10-10 cm3 s-1  47 

C2H2
+ + C2H3   → C2H3

+ + C2H2     3.30 x 10-10 cm3 s-1  47 

C2H2
+ + H2   → C2H3

+ + H     1.00 x 10-11 cm3 s-1  47 

C2H2
+ + H2O   → H3O

+ + C2H     2.20 x 10-10 cm3 s-1  47 

O2
+ + CH2   → CH2

+ + O2     4.30 x 10-10 cm3 s-1  47 

O2
+ + CH   → CH+ + O2     3.10 x 10-10 cm3 s-1  47 

O2
+ + C2H4   → C2H4

+ + O2     6.80 x 10-10 cm3 s-1  47 

O2
+ + C2H2   → C2H2

+ + O2     1.11 x 10-09 cm3 s-1  47 

O2
+ + O-   → O + O2     2.9 x 10-08 cm3 s-1  51 

O2
+ + O-   → O + O + O   2.9 x 10-08 cm3 s-1  51 

O- + CH4   → OH- + CH3     1.00 x 10-10 cm3 s-1  47 

O- + C   → CO + e-     5.00 x 10-10 cm3 s-1  47 

O- + H2   → H2O + e-     7.00 x 10-10 cm3 s-1  47 

O- + H2   → OH- + H     3.00 x 10-11 cm3 s-1  47 

O- + H   → OH + e-     5.00 x 10-10 cm3 s-1  47 

O- + O   → O2 + e-     2.30 x 10-10 cm3 s-1  51 

O- + O2   → O + O2 + e-   k = f(E/N)   10 

O- + CO   → CO2 + e-     6.50 x 10-10 cm3 s-1  47 

CO2
+ + CH4   → CH4

+ + CO2     5.50 x 10-10 cm3 s-1  47 

CO2
+ + C2H4   → C2H4

+ + CO2     1.50 x 10-10 cm3 s-1  47 

CO2
+ + C2H2   → C2H2

+ + CO2     7.30 x 10-10 cm3 s-1  47 

CO2
+ + O2   → O2

+ + CO2     5.30 x 10-11 cm3 s-1  47 

CO2
+ + O   → O2

+ + CO     1.64 x 10-10 cm3 s-1  47 

H3O
+ + CH2   → CH3

+ + H2O     9.40 x 10-10 cm3 s-1  47 

H3O
+ + CH   → CH2

+ + H2O     6.80 x 10-10 cm3 s-1  47 

H3O
+ + C2H3   → C2H4

+ + H2O     2.00 x 10-09 cm3 s-1  47 

OH- + CH3   → CH3OH + e-     1.00 x 10-09 cm3 s-1  47 

OH- + CH   → CH2O + e-     5.00 x 10-10 cm3 s-1  47 

OH- + C   → CHO + e-     5.00 x 10-10 cm3 s-1  47 

OH- + H   → H2O + e-     1.40 x 10-09 cm3 s-1  47 
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