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Abstract
A surface microkinetic plasma model for non-oxidative coupling of methane into H2 and higher
hydrocarbons was developed over a Cu catalytic film. Twenty key plasma species including
electron, ions, radicals, and neutrals were considered in respective chemical reactions leading to
the formation of C2 hydrocarbons onto the catalyst surface. The kinetic model was coupled with
a global plasma model to describe the performance of a non-thermal plasma reactor. In the
reactor model, the reactant gas flows between the two coaxial cylindrical metal electrodes with a
length of 50 mm and a diameter of 2 mm (inner) and 6 mm (outer electrode) coated with a Cu
film. The effect of discharge power, initial CH4 concentration, and inlet flow rate on methane
conversion was investigated. The surface model shows that the CH4 conversion of 47% is
obtained at a discharge power of 70 W with a selectivity of C2H2 (49%). Increase in power
increased the conversion of methane while increase in pressure and/or inlet gas flow rate
decreased it. Also, the results of the plasma-catalyst model were compared with those of plasma
alone (without catalyst). It showed that presence of the catalyst inside the plasma increases the
selectivity and yield of acetylene, while it deceases the selectivity and yield of hydrogen. Also,
the density of radical CH3 in the plasma phase increased in the presence of catalyst, while CH2

and CH densities decreased with that.
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1. Introduction

The growing energy demand together with decreasing reserves
of oil have accentuated the need to develop alternative pro-
cesses for making fuels and chemicals. Methane is the main
component of natural gas and biogas therefore its conversion
into hydrogen and value-added chemicals such as C2H2, C2H4,
and C3H6 has attracted great interest. A conventional thermal
catalytic process approach to convert methane to higher hydro-
carbons requires high temperatures (>700 ◦C) and use of cata-
lysts to facilitate this process. The deposition of carbon layers
onto the catalyst surface leads to the fast catalyst deactivation,
especially for supported non-noble metal catalysts resulting in
high regeneration costs [1–3]. Therefore, developing alternat-
ive methods and processes for direct conversion of methane to
higher hydrocarbons has attracted a lot of attention.

Non-thermal plasma (NTP) offers an attractive alternative
to the conventional catalytic route for the CH4 conversion at
atmospheric pressure and relatively low temperatures which
can inhibit carbon deposition [4–8]. The overall gas temperat-
ure can be as low as room temperature, while the electron tem-
peratures of 10 eV can easily break down methane molecules
and produce a variety of species: free radicals, excited atoms
and ions [9]. Further coupling and chain propagation reactions
within the plasma lead to the formation of higher hydrocar-
bons. Thus, NTP could enable thermodynamically unfavor-
able reactions to occur under ambient conditions.

Considerable amount of research has been performed to
investigate the effectiveness of CH4 conversion by using
dielectric barrier discharge (DBD) plasma. A potential method
to improve the selectivity of the process is to place a catalyst
into the plasma zone close to the electrode [10–12]. The cata-
lyst could accelerate the reaction rates of specific pathways to
increase the selectivity towards desirable hydrocarbons. The
catalyst could also provide new reaction pathways in addition
to those occurring in the discharge volume. The strong electric
filed could lower the activation barrier of surface processes,
and modify the reaction kinetics [12].

Catalytic plasma processing of methane is a rather com-
plex process and a fundamental understanding of the under-
lying physical phenomena and chemical reactions onto the
catalyst surface is still very limited, making it difficult to
optimize processing parameters and predict the conversion
and selectivity of products theoretically. This is partially due
to the complexity of the related calculations as well as lack
of underlying kinetic data. In fact, the absence of reliable
data on elementary steps remains a limiting factor. Also,
high computing power is required due to the coupling of the
transport equations in the reactor volume with the surface
equations on the catalyst surface. While numerical techniques
and computing power have been advanced over the last dec-
ades, efficient multi-dimensional modeling of plasma assisted
catalytic reactors still represents a considerable challenge.
However, development of plasma-catalytic models is crucial
for the rational design of novel plasma reactors and optimiza-
tion of highly complex plasma processes. Because the model-
ing of the plasma assisted catalytic reactor requires, in addition
to a plasma model, employing a microkinetic surface model

to incorporate all the essential surface steps occurring onto
the catalyst surface.Microkineticmodeling ofmethane plasma
chemistry was already applied to predict the reaction rates and
product distribution in the plasma assisted synthesis of car-
bon nanotubes onto the catalyst surface [13–15]. A microkin-
etic model was proposed for the synthesis of carbon shells in
acetylene plasma. The model included the steps of nanofibers
growth, the restructuring of catalyst particles, and the form-
ation of the carbon layer on the catalyst surface [13, 14]. A
theoretical model was also proposed to calculate the particle
density and the growth kinetics [15]. The latter described the
rates of species deposition reactions onto the catalyst surface,
as well as the kinetics of neutrals, ionic particles and electrons,
and the rate of charge accumulation on the surface.

Using a gradientless reactor model (a so-called global
model (GM) in terms of plasma description) requires consider-
ably lower computational time and permits one to investigate
the plasma and gas chemical kinetics for the species present
in the discharge and to study effect of operating conditions
such as gas temperature, gas flow rate, and discharge power
on plasma properties [16–19]. The main disadvantage of the
GM is that the discharge structure and the plasma dynamics
cannot be described [20, 21].

In this study, the plasma non-oxidative conversion of CH4

into hydrogen and higher hydrocarbons has been investig-
ated in a DBD reactor over a Cu catalyst under ambient con-
ditions. The copper catalysts promote coupling reactions at
rather high rates at ambient temperature [22]. To the best of
our knowledge, no previous studies were devoted to the coup-
ling of a microkinetic surface model with a plasma model to
describe the reaction of plasma assisted non-oxidative coup-
ling of methane. Although the effects of plasma on catalyst
reaction mechanisms have been recently reported in some
papers [12, 23], this work is the first attempt at the coupling
plasmamodel with the surfacemicro-kinetic model. In the pre-
vious works, the densities of species in the plasma phase were
assumed to constant and there was no time evolution for them
during the process. Here, a simplified microkinetic model that
includes 22 surface reaction steps was used. The transition
state theory was employed to estimate the rates of forward and
backward surface reactions. The activation energies and the
rates of individual surface steps were obtained from the dens-
ity function theory (DFT) CatApp database [24]. Then the sur-
face kinetic model was combined with a plasma reactor model,
which consists of 30 volumetric reactions and convective mass
transport of reactive species. The possible reaction mechan-
isms leading to the formation of major gas products and their
selectivity are discussed.

2. Description of the model

2.1. GM of methane plasma

In this section, we describe a plasma GM that developed by
ourself for studying the chemistry of atmospheric-pressure
methane plasma formed inside a cylindrical DBD. The plasma
reactor is formed by two coaxial cylindrical electrodes with
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Figure 1. Scheme of coaxial plasma reactor used in this work.

Table 1. Species considered in bulk methane plasma.

No. Species No. Species No. Species No. Species

1 H 6 CH4 11 C2H6 16 CH+
4

2 H2 7 C2H2 12 C3H5 17 CH+
5

3 CH 8 C2H3 13 C3H6 18 C2H
+
2

4 CH2 9 C2H4 14 C3H8 19 C2H
+
5

5 CH3 10 C2H5 15 CH+
3 20 e

a length of 50 mm and a diameter of 2 mm and 6 mm. The
two ends of cylinders are open to the flow (figure 1). A cop-
per coating covers the walls of both cylinders. The global
plasma model describes a plasma discharge volume (Vdis) that
is enclosed by the surface area (Awall). It is assumed that
plasma is spatially uniform and the power is absorbed uni-
formly into the discharge. The model considered here is well
known as the global or zero-dimensional model. The GM
is a volume-averaged fluid model, with great advantages in
speed and simplicity. This model is based on two types of the
equation: particle balance equations, written for each included
species, and power balance equations, which are primarily
used for electrons, but can be included for other species. Also,
in this model any species and energy added to and removed
from bulk plasma due to reactor inlet and outlet as well as sur-
faces reactions are taken into account in balance equations.
The Maxwellian energy distribution function is considered for
heavy species (neutrals and ions) [18, 25]. In atmospheric
NTPs, due to low ionization degree and high collision rate,
ions are in thermal balance with neutral species and back-
ground gas, which have comparable mass with ions. There-
fore, in this work, it is assumed that heavy species have the
same and constant temperature and they are in thermal balance
with each other. The latter suggests that ions and neural spe-
cies have Maxwellian distribution. Twenty key plasma species
including electron, ions, radicals, and neutrals are assumed to
take part in chemical reactions. They are listed in table 1.

The plasma phase reactions taking place in the bulk plasma
are listed in table II in our previous work [26]. The rate
constants of the interaction of the electron with background
gases and neutral species have been taken from look-up
tables constructed by a Boltzmann equation solver follow-
ing the approach presented in [27]. To construct the look-
up table that gives electron rate constants as a function of
the electron mean energy, in this work we used BOLSING+
(see www.lxcat.laplace.univ-tlse.fr for a website to access
BOLSIG+, which is a free software for the numerical solution

of the Boltzmann equation for electrons in weakly ionized
gases). This website also includes electron-impact cross-
sections of the different commonly used gases in plasma pro-
cessing. This software calculates the transport coefficient, the
rate constant and electron mean energy for each value of E/N.
It is obvious that with having electron mean energy and rate
constants for different E/N, one can construct a table that gives
rate constants versus electron mean energy. It is worthwhile to
mention that this offline software itself calculates the transport
coefficient and rate constants versus mean electron energy too.
In this software rate coefficients are calculated from collision
cross-section data by solving the electron Boltzmann equation
(two-term approximation). It means that cross-section data for
each reaction is inserted as an input parameter. The rate con-
stants of ion-neutral and neutral-neutral reactions have been
taken from [28–33]. Equation (1) is the balance equation for
number density of ions and neutrals (nj) [19, 34, 35].

∂nj
∂t

= Fflow_in,j−Fflow_out,j+ωreac,j−
SΓs,j
Vdis

(1)

where Fflow_in,j is the inlet flow rate, Fflow_out,j is the outlet flow
rate, ωreac,j is the bulk reaction source term and SΓs,j/Vdis is
the surface consumption term [36–39]. The outlet flow rate is
a function of reaction stoichiometry and in general it does not
equal to the inlet flow rate as the reactor operates at a constant
pressure. The reaction source term for each species is calcu-
lated by equation (2) [18]

ωreac,j =
∑
k

(
aRjk− aLjk

)
kk
∏
l

nLl (2)

where aRjk and a
L
jk are the right-hand side and left-hand side

stoichiometric coefficients of species j in reaction k, kk is the
reaction rate coefficient and nLl is the number density of the lth
species in the left-hand side of reaction k. Flux into the bound-
ary, Γs,j, is given by

Γs,j = γjnjvth,j, (3)

where vth,j is the thermal velocity (vth,j =
√
8kBTj/πmj) with

kB, Tj, and mj being the Boltzmann constant, species tem-
perature, and species mass, respectively. The coefficient γj in
equation (3) for neutral species is the effective sticking coef-
ficient which is self-consistently determined by the surface
kinetic model. The sticking probability of ions on the cata-
lyst surface is 1. The γj for ions is equal to 0.25. The latter is
determined by Maxwellian directed flux near the surface (see
equation (2.4.10) in the [40]). The total pressure, Ptot, in the
discharge is assumed to obey the ideal gas law:

ptot = kBTg
∑
n

nn. (4)

The number density of electron in discharge center is determ-
ined from the charge neutrality equation:

ne =
∑
i

ni (5)
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Table 2. Kinetic parameters for adsorption/desorption reactions on a Cu (211) surface.

No. Reaction Eads (eV) Edes (eV) Reference

RS1 H(plasma) + [ ]↔ H(ads) 0.0 2.4 [41]
RS2 H2(plasma) + [ ]↔ H2(ads) 0.0 0.68 [42]
RS3 CH(plasma) + [ ]↔ CH(ads) 0.0 5.58 [42]
RS4 CH2(plasma) + [ ]↔ CH2(ads) 0.0 3.4 [42]
RS5 CH3(plasma) + [ ]↔ CH3(ads) 0.0 1.4 [42]
RS6 CH4(plasma) + [ ]↔ CH4(ads) 0.0 0.13 [42]
RS7 C2H2(plasma) + [ ]↔ C2H2(ads) 0.0 0.1 [12]
RS8 C2H3(plasma) + [ ]↔ C2H3(ads) 0.0 1.46 [12]
RS9 C2H4(plasma) + [ ]↔ C2H4(ads) 0.04 0.0 [43]
RS10 C2H5(plasma) + [ ]↔ C2H5(ads) 0.0 1.35 [12]
RS11 C2H6(plasma) + [ ]↔ C2H6(ads) 0.0 0.0 [44]

Table 3. Kinetic parameters for surface reactions on a Cu (211) surface.

No. Reaction Ef (eV) Eb (eV) Reference

RS12 H2(ads) + [ ]↔ 2H(ads) 0.78 0.63 [47]
RS13 CH4(ads) + [ ]↔ CH3(ads) +H(ads) 0.7 1.9 [43]
RS14 CH(ads) +H(ads) ↔ CH2(ads) + [ ] 0.79 1.2 [43]
RS15 CH2(ads) +H(ads) ↔ CH3(ads) + [ ] 0.64 1.6 [43]
RS16 C2H2(ads) +H(ads) ↔ C2H3(ads) + [ ] 1.29 1.58 [48]
RS17 C2H3(ads) +H(ads) ↔ C2H4(ads) + [ ] 0.5 1.9 [43]
RS18 C2H4(ads) +H(ads) ↔ C2H5(ads) + [ ] 0.59 0.89 [43]
RS19 C2H5(ads) +H(ads) ↔ C2H6(ads) + [ ] 0.6 1.7 [43]
RS20 2CH(ads) ↔ C2H2(ads) + [ ] 0.7 2.0 [44]
RS21 2CH2(ads) ↔ C2H4(ads) + [ ] 0.0 2.2 [44]
RS22 2CH3(ads) ↔ C2H6(ads) + [ ] 1.9 3.0 [44]

The electron temperature is calculated from the power bal-
ance equation [18, 49, 50]

∂
(
3
2kBTene

)
∂t

=
Pabs

Vdis
− (Pen +Ps) (6)

where Pabs is the discharge power, Pen is the electron power
loss due to all electron-neutral collision processes, andPs is the
charged particle total power losses to reactor walls. The latter
two terms are calculated by equations (7) and (8), respectively.

Pen =
∑
n

(
3me

mn
kBTe

)
kel,nnenn+

∑
n

Eth,nknnenn (7)

Ps =

(
S
Vdis

)(
Γs,eEes +

∑
i

Γs,iEis

)
(8)

where Te is electron temperature, me is electron mass, mn is
mass of neutral n, Eth,n is the activation energy for the reac-
tions n that electron participate in, and kel,n and kn, respect-
ively, are the rate coefficient for elastic and inelastic collisions
of electron with neutral species n. Ees and Eis denote the mean
kinetic energy per particle of the electrons and ions reaching
the surfaces, respectively.

2.2. Microkinetic model on a Cu catalyst

The species produced in the plasma absorbed onto the cata-
lyst surface and participate in surface reactions similar to

conventional catalysis. Based on preliminary sensitivity ana-
lysis, 11 key species have been selected for the development of
the surface microkinetic model. The surface reaction mechan-
ism includes 22 elementary steps that can be split up into two
main groups. The first group contains 11 reversible adsorp-
tion steps (RS1–RS11, table 2), while the second group con-
tains 11 surface reaction steps (RS12–RS22, table 3). Where
[] symbolizes an adsorption site on the catalyst, and A∗ is an
adsorbate attached to one of these sites. Following the clas-
sical adsorption theory, the adsorption rate is proportional to
the empty coverage sites

rads,j = Ast

1−
∑
j

θj

(njνth,j) , (9)

where θj is the surface coverages of species j, nj is the density
of species j, and Ast is the pre-exponential factor of adsorp-
tion. The desorption rate is proportional to the coverage with
species j

rdes,j = θj
kBTs
h

exp

(
− Edes

kBTs

)
, (10)

where h is the Planck’s constant, Edes is the desorption activ-
ation energy, and Ts is the surface temperature. For the
reversible surface reactions with adsorbed species A(ads), B(ads),

and C(ads):

A(ads) +B(ads) ↔ C(ads) + [ ] , (11)
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the harmonic transition state theory [44] is used to obtain the
forward and backward rate constants

kf =
kBTs
h

q‡vib
qAvibq

B
vib

exp

(
−

Ef
kBTs

)
, (12)

kb =
kBTs
h

q‡vib
qCvib

exp

(
− Eb
kBTs

)
, (13)

where, q‡vib, q
A
vib, q

B
vib, and qCvib are the vibrational partition

functions for the transition state and Ef and Eb are the activa-
tion energy for the forward and backward reactions, respect-
ively. The activation energies were taken from the CatApp
database [24]. It is worth noting that surface species often have
no translational or rotational degrees of freedom, so the pre-
exponential factors are calculated based on vibrational degrees
of freedom [45]. The vibrational partition function is defined
as the product of the contribution of each vibrational mode,

qvib =
∏
l

1

1− exp
(

−hνl
kBTl

) , (14)

where νl is the frequency of the corresponding vibration mode
of the molecule [46]. The number of vibrational modes of a
non-linear molecule containing n atoms is equal to 3n− 5. It
is assumed that the geometry of the transition state corres-
ponds to the geometry of the product for all surface reactions
described by equation (11). Therefore, the vibrational parti-
tion function of the transition state is replaced with vibrational
partition function of the product, i.e. q‡vib = qCvib. Having rate
constants of each surface reaction, the balance equation for
surface species j can be written in following form

∂θj
∂t

= rads,j− rdes,j+
∑
i

aijri, (15)

with

ri = kfi
∏
j

θ
aij
j −kbi

∏
j

θ
aij
j (16)

where aij is the stoichiometric coefficient of species j in surface
reaction i. Notice, the summation in equation (15) counts sur-
face reactions RS12–RS22 only. The solution of equation (15)
provides the surface coverage for all surface species (θj) and
the respective reaction rates of all surface steps. Finally, the
effective sticking coefficients, γn, for each gas phase species
is calculated by following relation (3),

γn =
(rads,n− rdes,n)

Astnnvth
n= 1,2, . . . (17)

The solution of surface reaction model needs a value of
gas phase densities which are calculated in the global plasma
model. On the other hand, the GM uses the effective sticking
coefficients as input parameter to calculate the gas phase dens-
ities. This implies that the plasma and surface kinetic mod-
els are coupled and equations (1) and (15) must be solved
simultaneously. A Fortran code was developed to solve these

Table 4. Process parameters.

Parameter Value

Inlet gas temperature,Tg 300 K
Inlet flow rate, Fflow_in,j 30–90 ml cm−3 (STP)
Discharge power, Pabs 50–90 W
Surface temperature, Ts 300 K
Reactor pressure, p 0.8–1.2 atm
Plasma discharge volume,Vdis 1.26 cm3

External wall surface area, Awall 12.6 cm2

coupled equations. Explicit Euler method was used to solve
ordinary differential equations in plasma model while fourth
order Rang Kutta approach was employed to solve balance
equations in surface microkinetic model. Time step in plasma
model was chosen to be 1.0× 10−11 s while for surface
microkinetic model the time step set to 1.0× 10−13 s. The later
implies that the surface model run 100 times in each plasma
time step. In each plasma time step, the surface model must
be in its steady state. Therefore, we need to choose a smal-
ler time step for the surface model to be sure that it reaches to
steady state before the next plasma time step starts. The effects
of total pressure, reaction time and the discharge power were
studied. The other parameters were fixed (see table 4). The out-
put parameters were the plasma density, the concentrations of
gas species and the electron energy. The CH4 conversion (X),
the product yield (Y) and the selectivity towards key products
(S) are calculated from the species density.

XCH4 (%) =
nCH4,converted

nCH4,in
× 100, (18)

YH2 (%) =
nH2

2× nCH4,in
× 100, (19)

YCxHy (%) =
x× nCxHy

nCH4,in
× 100, (20)

SH2(%) =
nH2

2× nCH4,converted
× 100, (21)

SCxHy(%) =
x× nCxHy

nCH4,converted
× 100. (22)

3. Results and discussion

This section presents the results obtained from kinetic model
described in previous section. Before coupling the plasma
model to the micro-kinetic surface model, a global plasma
model with a consistent set of 367 gas-phase reactions and
the 36 defined species, describing complete methane plasma
chemistry was used to make a reduced chemistry mechanism.
This model without surface microkinetic model was run in
different plasma conditions (pressures, powers, flows). After
each run, species with higher densities were selected and the
main reactions producing and consuming these species were
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Figure 2. The steady state concentrations of key plasma species at
inlet gas temperature: 300 K, surface temperature: 300 K, discharge
power: 70 W, flow rate: 50 ml min−1, and pressure: 1.0 atm.

determined. The results of different conditions were compared
with each other. Finally, 20 species with 30 main reactions
were selected to make a reduced chemistry mechanism that
represents the whole methane plasma chemistry and requires
a lower computational cost. In the case of surface chemistry
mechanism, considered reactions are the same as those in [12].
The surface reaction mechanism considered here contains all
possible surface processes and reactions that take place on the
surface of Cu catalyst immersed in the methane plasma envir-
onment. Activation barrier and reaction energy for each reac-
tion were used form DFT database [24].

The steady-state concentrations of key reactive species at a
discharge power of 70 W and a gas flow rate of 50 ml min−1

are shown in figure 2. It can be seen that hydrogen, acetylene
and ethylene are the main reaction products. The concentra-
tions of ethane, propene and propane are almost two orders of
magnitude lower. Therefore, the subsequent discussion will be
focused on the three main products only.

Figure 3(a) shows that a methane conversion of 47% was
achieved after a discharge time of 2 s. The final yield of hydro-
gen (15%) is lower than that of acetylene (23%). The ethyl-
ene yield was about 4.1%. The selectivity for both acetylene
and hydrogen increase with CH4 conversion while the ethyl-
ene selectivity decreases with that (see figure 3(b)). When
the surface model is coupled with the plasma model the
whole chemistry describing the conversion process becomes
more complicated and tracing reaction pathways leading to
the production and consumption of species is more challen-
ging. Because the number density of a typical species in the
plasma-catalyst environment can at the same time change by
surface reactions and/or plasma volume reactions. However,
a general description of the conversion process by plasmas-
catalyst synergy implies that methane conversion is initiated
by electron impact dissociation of CH4 to generate radicals
and ions. Then the produced radicals either interact with each
other in bulk plasma to form higher hydrocarbons or they are
adsorbed in catalyst surface to take part in surface reactions
to form again higher hydrocarbons that are released in bulk
plasma by desorption processes. Heavier hydrocarbons pro-
duced in bulk plasma and by subrace reactions along with
feedstock gas interact with electrons to produce new radical

Figure 3. (a) Time evolution of methane conversion and yield of the
main products of process, (b) selectivity towards the main products
as a function of CH4 conversion.

species which take part in subsequent secondary reactions.
Also, in bulk plasma, the hydrocarbons interact with radicals
to produce new species. This process continues until the rate
of conversion reaches a steady state.

To investigate the effect of presence of catalyst inside the
reactor and to see howmicro kinetic surface model plays a key
role in conversion result, we present figure 4 which compares
the results for two processes with-catalyst andwithout-catalyst
with each other. Figure 4(a) shows relative changes in density
of species in percent when the catalyst coating is removed from
inside reactor. Negative percent value implies that density of
species is decreased form value that it had during process with
catalyst, while positive percent value presents increase in the
density. When there is no catalyst the final density of methane
gas is higher, so the conversion is less for without catalyst case,
which is also seen form figure 4(b). In this figure, the conver-
sion, selectivity and yield of main species are compared for
two cases with- and without-catalyst. It highlights that when
catalyst is present in plasma reactor both selectivity and yield
for hydrogen decrease while they increase for C2H2. Remov-
ing the catalyst does not significantly affect ethylene density
and its selectivity and yield do not experience a big change in
value. Generally, presence of catalyst inside the plasma reactor
changes density of radicals, some of them are consumed by
catalyst to produce heavier species while density of some other
radicals increases by surface reactions. For example, dens-
ity of CH3 radical for with-catalyst case is higher than that
for without-catalyst case while for CH2 radical it is reversed.
The consumption and production of radicals on catalyst sur-
face depends overall surface processes which contains adsorp-
tion, desorption, and reactions between surface species. The
surface reaction mechanism determines net flux of species

6
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Figure 4. (a) Change in density of species by removing the catalyst
(b) conversions and yield and selectivity of main species for two
cases with and without catalyst.

from surface to plasma or from plasma to surface. The spe-
cies that are consumed on surface their net flux direction is
from plasma towards surface while net flux of species pro-
duced on surface is directed form surface towards plasma. We
need to express that in atmospheric pressure plasma, densities
of radicals (n ≪ 1019) are much lower than densities of back-
ground gas and produced hydrocarbons (1023 ≪ n). Therefore,
a big change in density of species with small density does not
mean that a big change in density of species with high density
must be observed. Removing catalysts from inside discharge,
according to figure 4 leads to an increase in the density of H2

and CH2 species in the plasma phase. It means that these spe-
cies are consumed in surface reactions during the catalyst pres-
ence, while the species that their density decrease by removal
of catalyst are produced by surface reactions during the pres-
ence of the catalyst. Notice that figure 4(a) represents the dens-
ity change of species by removing catalyst. By comparing this
figure with figure 2 densities of species in the without-catalyst
case can easily be estimated.

The electron density and electron energy are important
parameters in NTPs that influence energy distribution between
different reaction pathways. The electron energy strongly
depends on the electric field distribution, which, in turn,
depends on the input energy. It can be seen in figure 5 that
the electron energy does not change with time as the power
absorbed by discharge remains constant, which is a charac-
teristic feature of NTPs. The electron density is determined
by the ionization energy of gas molecules participating in the
reactions. The electron density shows an exponential decay
towards a new steady state value at 3 s (figure 5). The electron

Figure 5. The electron density and energy as a function of residence
time. The other conditions are the same as those in figure 2.

Figure 6. (a) The CH4 conversion and (b) electron density as a
function of time at discharge powers of 50, 70 and 90 W. Other
parameters are same as those in figure 2.

temperature in plasma depends on input power and electric
field. As far as the input power is constant the electron tem-
perature cannot change. The electron density strongly depends
on ionization reactions and their rate constants. The electrons
are initially produced only by ionization of CH4, but with
changing background gas due to conversion and increase in
density of other hydrocarbons the rate of electron production
changes. Also, according to equation (6), in constant input
power and electron temperature, any change in electron dens-
ity is related to energy consumed by elastic and inelastic inter-
action of the electron with background gas, as well as power
losses to reactor walls.

Figure 6 shows the effect of discharge power on CH4 con-
version and electron density. The selectivity to the key species
remains essentially the same in the whole range of applied
powers studied. The CH4 conversion and the electron dens-
ity increase as the input power increases from 50 to 90 W. The
conversion is directly proportional to the plasma power, reach-
ing amaximum value at a discharge power of 90W. This is due
to the fact that the energy delivered to discharge increases the

7
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Figure 7. (a) The CH4 conversion and (b) electron density as a
function of time at pressures 0.8, 1.0 and 1.2 atm. Other parameters
are same as are figure 2.

average electron energy and electron density. In NTPs, most
of the energy delivered to electrons is lost by their inelastic
collisions with neutral species resulting in ionization and dis-
sociation of CH4 molecules. Therefore, the CH4 conversion
increases with the increase of input power. Due to the high
rate of collisions in plasma, the electron energy remains rather
constant, while the electron density increases with an increase
in input power.

In CH4 plasma, a considerable amount of energy is also
lost by elastic collisions of the electrons with the neutral
molecules in the reaction volume. Therefore, the electron
density decreases with increase in pressure and the CH4 con-
version initially follows the same trend (figure 7). Increase in
the electron density increases the conversion. The conversion
of 51% was achieved at a pressure 0.8 atm while a higher con-
version of 58% was observed at 0.6 atm. Decrease in pressure
reduce the rate of momentum interaction of electron with neut-
ral species, resulting in more ionization and dissociation pro-
cesses. Increase in electron density leads to more production
of radical species which have significant role in conversion
process.

Finally, the last figure (figure 8) studies the effect of vari-
ation of gas flow rate on electron density and background
gas conversion at constant pressure a 1 atm. At a constant
pressure, which is established by adjustment in outlet flow
rate, any change in inlet flow rate changes the residence time
of the reactor and duration that species spends in plasma
reactor before going out. Therefore, change in inlet flow
rate at constant pressure corresponds with a change in resid-
ence time. As the figure shows, the electron density increases
with an increase in input gas flow rate while the conversion

Figure 8. Time evolution of the conversion (a) and electron density
(b) for three different flow rates of feedstock gas. Other parameters
are same as are in figure 2.

experiences a decrease in value with an increase in gas flow
rate. When the gas flow rate increases at fixed total pres-
sure and fixed applied power the residence time of the reactor
decrease and molecules of neutral species spend less time in
the discharge region, as some of them leave the reactor without
reacting with catalytic surface and plasma species. It results in
less conversion of the background gas.

It is noteworthy to present here some validation descrip-
tions of our model and compare our results with relevant
experiment results reported in literature. A precise literature
review shows that only a limited number of studies have been
reported for the non-oxidative coupling of methane on the sur-
face of transition metal catalysts in DBDs. Jo et al studied
the effect of electric conductivity of the catalysts on methane
activation in a DBD [51]. Their models revealed that alumina-
supported Pt catalyst decreased electric field more signific-
antly compared to bare alumina. The presence of a conductive
metal catalyst inside the discharge zone resulted in higher CH3

and lower CH densities. The impact of the electrode material
and flow rate in discharge plasmas on the methane conversion
was investigated by Spiess et al [52]. They showed that coated
electrodes with copper and tin oxide nanoparticles exhibit high
activity in comparison with other metal and copper rods. Their
results also showed that the decomposition of methane and the
evolution of hydrogen decreases with an increase in flow rate
in a negative exponential manner due to the lower residence
time. Increase in CH3 density and decrease in CH density with
presence of catalyst inside discharge region and also reduction
in methane conversion by increase in flow rate in our work
are in compatibility with results of above-mentioned experi-
mental works. Therefore, they can be considered a validation
for present modeling work.

8
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4. Conclusions

A surface microkinetic model over a Cu catalyst was coupled
with a volumetric plasma model to describe the performance
of a NTP reactor in non-oxidative coupling of methane. The
effect of residence time, pressure, and discharge power on the
methane conversion and the carbon and hydrogen selectivity
was investigated. The discharge power was found to be the
most influential parameter for the plasma processing of meth-
ane in terms of the methane conversion and selectivity to C2

gas products. Results showed that increase in power increases
conversion while increase in pressure and/or inlet flow rate
decreased in methane conversion. The selectivity of acet-
ylene was higher than other hydrocarbon products and hydro-
gen molecules. The presence of Cu catalyst coating inside
plasma increased the selectivity of acetylenewhile it decreased
the selectivity of hydrogen. It also increased the conversion,
although it was not high. In addition, density of radical CH3 in
plasma phase increased in the presence of catalyst, while CH2

and CH densities decreased with that.
The model proposed in this work present a novel approach

to study plasma-catalyst systems and provides an in-depth
understanding from chemistry of interaction plasma with cata-
lysts. This model can be used for any plasma-catalyst system
just by changing chemistry reactions in plasma and catalyst
surface. Therefore, to outlook for future works, this model can
be used to study methane conversion in plasma reactors with
different catalyst materials, also to investigate effect of sur-
face temperature and modulation of it by external field on the
conversion process.
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