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Abstract−−−−The conversion of methane to syngas and other hydrocarbons in dielectric barrier discharge plasma under
the presence of CO2 was investigated. Effects of the input voltage on the conversion of methane and CO2 and the ratio
of syngas were analyzed experimentally. The results of numerical simulations showed good quantitative agreement
with those of experiments.
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INTRODUCTION

CO2 fixation has attracted much attention due to environmental
considerations. There are two major objectives in the recovery and
utilization of CO2: to reduce the greenhouse effects and to use CO2

as carbon sources to manufacture various chemicals. CO2 is uti-
lized in the reactions involving C-C, C-H, and C-N bonds and the
formation reactions of carboxy and carbonyl compounds [Eliasson
and Liu, 2000]. The oxidation of other hydrocarbons using CO2 as
an oxidant is also important. CH4 is another major source of green-
house effects. Scientists have paid much attention to the utilization
of CH4 since the 1980s [Yao et al., 2001; Yanh et al., 2001]. Most
research interests focus on the syngas (synthesis gas) formation from
CH4 and CO2 via the following reaction:

CH4+CO2�2H2+2CO

The major products are syngas and C2-C3 hydrocarbons. Syn-
gas is the mixture of hydrogen and carbon monoxide and can be
produced from the natural gas, coal, petroleum and biomass. Re-
forming of hydrocarbon fuels and synthesis of methanol, ethylene
or hydrogen from CH4 has been considered of importance because
these products can be used as valuable chemicals, automobile fuel,
etc. [Xu et al., 1999; Zhang et al., 2001; Matsumoto et al., 2001].
At present, most commercial processes for the conversion of CH4

to useful products are indirect processes in which CH4 is first con-
verted to syngas, a mixture of CO and H2. Syngas is converted to
fuels by the Fisher-Tropsch process and to various chemicals, such
as methanol and gasoline, via the MTG process [Dry, 2002]. Syn-
gas is also the main source of hydrogen for refinery processes and
ammonia synthesis. The principal routes for the conversion of CH4

to syngas include the steam reforming (H2/CO>3).

CH4+H2O=CO+3H2−229.7 kJ/mol

This reaction is highly endothermic resulting in relatively expen-
sive and energy intensive generation of syngas. Steam reactors gen-
erally run with excessive amounts of steam in order to prevent the

deposition of carbon on the catalyst. Disadvantages of the st
reforming can be summarized as follows:

(i) H2/CO ratio is much higher than that required in FisherTro
sch section.

(ii) Lower CH4 conversion results in due to the maximum o
erating temperature below 900oC.

(iii) The high usage rate of water makes it unsuitable in arid
gions.

The following partial oxidation of CH4 by oxygen generates syn
gas with a H2/CO ratio close to 2.0, the ideal ratio for Fisher-Trops
process only at very high temperature.

CH4+0.5O2=CO+2H2+38 kJ/mol

Without catalysts, the reaction occurs only at very high tempera
The fast reaction of CH4 with oxygen results in the complete oxi
dation products of H2O and CO2, which is not desirable becaus
expensive hydrogen is converted to water. So far, the partial ox
tion of methane to syngas has been restricted to laboratory 
[Vosloo, 2001; Rostrup-Nielsen, 2002].

The non-thermal plasma process has been applied in many
ferent fields such as the destruction of harmful compounds in a
synthesis of some chemicals which otherwise require high tem
ature and pressure. The process can be used in the synthesis o4,
ammonia and fuel cell [Eliasson and Liu, 2001]. Recently a dir
conversion of CO2 and CH4 into heavier hydrocarbons using th
catalytic dielectric barrier discharges was reported.

The dielectric barrier discharge (DBD), commonly used to p
duce a non-equilibrium plasma at atmospheric pressure, is an e
tive tool for generating energetic electrons. In plasma chemical r
tions, the range of the temperature of the electrons is from 10
to 100,000 K, while the actual gas temperature remains at near
bient temperature [Eliasson and Liu, 2000; Yao et al., 2001; M
sumoto et al., 2001]. Although experimental studies on DBD h
attracted the attention of many researchers [Jeong et al., 2001],
ma chemistry and kinetics of CH4 conversion are yet to be ana
lyzed. In this study, both theoretical and experimental investiga
on the use of DBD to convert CH4 and CO2 are performed. Results
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of computer simulations exhibit the effectiveness of the conversion
models proposed in the present study.

EXPERIMENTS

Fig. 1 shows the schematic of the experimental setup. Alumina
with inner diameter of 5 mm was used as the dielectric material.
The DBD reactor contains a ground metal spring, made of stain-
less steel. Outer electrode was used with a copper jacket around
the reactor wall. Fig. 2 shows the configuration of the DBD reac-
tor. The high voltage generator (Auto electric, Model H1421) is 20
kHz frequency and the voltage and the current are adjustable with-
in ranges of 0-10 kV and 0-100 mA, respectively. The input power is
measured by power meter (Metax M3860M). The products are an-
alyzed by two online gas chromatographs (Young-In680D, HP5890)
equipped with a PorapakQ,R (1 : 1) and Heysep D which are con-
nected to a TCD (thermal conductivity detector) and an FID (flame
ionization detector), respectively. All the experiments were per-
formed at room temperature and atmospheric pressure. The overall
conversions and selectivities are defined as follows:

Conversion of CH4=[(moles of CH4 in the feed)
Conversion of CH4=−(moles of CH4 in the products)]
Conversion of CH4=/(moles of CH4 in the feed)
Conversion of CO2=[(moles of CO2 in the feed)
Conversion of CO2=−(moles of CO2 in the products)]
Conversion of CO2=/(moles of CO2 in the feed)
Selectivity of CO=(moles of CO produced)/[(moles of CH4 converted)
Selectivity of CO=+(moles of CO2 converted)]
Selectivity of H2=(moles of H2 produced)/[(moles of CH4 converted)
Selectivity of H2=+(moles of CO2 converted)]

Selectivity of CnHm=(moles of CnHm produced)
Selectivity of CnHm=/[(moles of CH4 converted)
Selectivity of CnHm=+(moles of CO2 converted)]

MODELING OF THE PLASMA PROCESS

The rate constant of CH4 dissociation can be given by

(1)

In order for Eq. (1) to be effective, the electron energy distrib
tion function f(ε, Te) and the reactive cross section σj(ε) should be
known. The electron energy distribution function can be obtain
from the solution of the Boltzmann equation. In the plasma re
tion, measurement of the reaction rate is very difficult because
the electrical energy in the reaction. Use of a molecular velocity 
tribution function is the usual practice in this case. In the pres
study the Maxwellian distribution function was adopted in the fo
parameterized as a function of the electronic temperature:

(2)

Eq. (2) was found to be adequate to describe the electron en
function in oxygen, CH4 and silane plasma reaction [Tachibana 
al., 1984]. The temperature dependence of the reaction constan
be given by the Arrhenius relation:

k(Te)=ATe
Bexp(−C/Te).

This relationship can be obtained easily from the combination
Eqs. (1) and (2). But for other species such as C2H6, H2, CO and
CO2, appropriate forms of the Maxwellian electron energy dis
bution function can be used. For these species it was assumed 
be also represented by the above relation [Yang and Anklam, 20

Typical reaction paths are:

CH4-->CH3+H (3)

CO2-->CO+O (4)

CO-->C+O (5)

H+H-->H2 (6)

H2-->H+H (7)

CH3+CH3-->C2H6 (8)

C2H6-->CH3+CH3 (9)

There exist many other reactions. But most of the reaction p
ucts obtained in the experiments consist of H2, CO and C2H6 and
we can choose reactions (3)-(9) as main reactions to be consid
The rate equations for CH4, CO2, H2, CO and C2H6 are given by

(10)

(11)

(12)

(13)

kj Te( )  = 2ε me⁄ f ε Te,( ) σj ε( )d⋅ ⋅ ε
0

∞
∫

f ε Te,( )  = 0.566
ε

Te
3 2⁄

-------- exp − 0.244
ε
Te

-----
 

⋅ 
 ⋅ ⋅

dcCH4

dt
----------- = qCH4

 − k1 cCH4
×

dcCO2

dt
----------- = qCO2

 − k2 cCO2
×

dcH2

dt
---------  = 2 k4× cH − k5× cH2

×

dcCO

dt
----------  = k2 cCO2

 − k3× cCO×

Fig. 1. Schematic diagram of the experimental set up.

Fig. 2. Construction of the dielectric-barrier discharge reactor.
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In Eqs. (10) and (11), q is the molar flow rate of the reactant intro-
duced into the reactor.

RESULTS AND DISCUSSION

The dry reforming of CH4 with CO2 is usually carried out at the
ratio of 1 : 1 of CH4 to CO2, to give a 1 : 1 mixture of H2 and CO:

CH4+CO2=2CO+2H2

We first investigated the influence of input voltage on the conv
sions with initial CH4 higher than 50%. The relationship betwee
the input voltage and the electron energy can be represented a

Te=p1−exp(p2*V)/p3

In our specific case (at the experimental conditions), p1=2.0797, p2=
−0.3164 and p3=0.4875. Conversions of CH4 and CO2 increased
as the input voltage increased with the conversion of CH4 higher
than that of CO2. The selectivity of H2 increased with the increase
in input voltage as well, but the selectivity of CO and other pro
ucts such as C2H2, C2H4, C2H6 and higher hydrocarbons decrease
(Fig. 3 and 4). This suggests a mechanism of chain build up f
methyl radicals:

CH4+(e, H, O, O−, OH, …)�CH3+(H, e, H2, OH, OH−, …)

Thus we can suggest the chain reactions as follows: 

CH3+CH3�C2H6

C2H6+e�C2H5+H+e
C2H5+C2H5�C4H10

C2H5+CH3�C3H8

The rate constants (k1, k2) of CH4 and CO2, measured as a func-
tion of input voltage (kV), are shown in Fig. 5 [Tachibana et a
1984]. As can be seen from the Fig. 5, k1 and k2 are nearly propor-
tional to the input voltage (kV).

The dissociation of CH4 and CO2 was calculated through kinetic
Eqs. (10)-(14) as a function of input voltage. The results as well as
perimental data are shown in Fig. 6. From the comparison betw
experiments and simulations, we can see the effectiveness o
proposed kinetic model. Results of computations on the composi
as a function of the supplied input voltage are illustrated in Fig.

CONCLUSIONS

Effects of the input voltage on methane and CO2 conversions in

dcC2H6

dt
------------ = − 2 k6× cCH3

 − 2× k7× cC2H6
×

Fig. 3. Influence of the input voltage on CO2 reforming of CH4

(Total flow rate=30 sccm; CH4/CO2 in the feed=1 : 1; pres-
sure=1 bar).

Fig. 4. Influence of input voltage on CO2 reforming of CH4: (a) con-
version, (b) selectivity (Total flow rate=30 sccm; CH4/CO2

in the feed=1 : 1; pressure=1 bar). Fig. 5. Rate constant of CH4, CO2 as functions of input voltage.
Korean J. Chem. Eng.(Vol. 20, No. 4)
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dielectric barrier discharge were investigated experimentally. As the
input voltage increased, conversions and the ratio of syngas increased,
while the selectivity of CO, C2H2, C2H4 and C2H6 was decreased.
Decreasing selectivity of light hydrocarbons with increase of the input
voltage means that increased voltage reduces light hydrocarbons
and converts them to other heavier hydrocarbons. Results of numer-

ical simulations showed good agreement with experimental dat

NOMENCLATURE

ci : molar concentration of species “i” [mol/cm3]
me : mass of the electron [kg]
km : rate constant of reaction step “m” [min/cm3]
Te : electrons temperature [eV]
ε : electrons kinetic energy [eV]
σj(ε) : reactive cross section [cm2]
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