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ABSTRACT: Noncatalytic and nonoxidative conversion of methane in a dielectric barrier 
discharge (DBD) reactor is examined at different temperatures, gas residence times and input 
powers. In addition, the ratio of methane to helium as a diluant, is changed in the range of 0.6 to 
1.8. Results show significant synergetic effects of plasma, temperature and helium on the methane 
conversion and C2+ selectivities. C2 hydrocarbons are the main products (more than 70%) of the 
process, however, minor amounts of heavier hydrocarbons up to C8 are formed. At an input power 
of 230W and gas residence time of 6 sec, when the temperature increases from 100 to 200oC, the 
methane conversion enhances by 33%. In the temperature of 100-350oC, the methane conversion 
passes through a maximum at CH4 /He ratio of 1.0, at which the highest effect of the temperature is 
observed. In addition, at 350oC, when the input power increases from 140 to 230W, the CH4 
conversion enhances from 20.3 to 27.0%. As the temperature increases from 100 to 350oC, the 
selectivity of ethane decreases from 81.5 to 73.0%, while the selectivities of ethylene and acetylene 
enhances by about 40% and 270%, respectively. The frequency of effective collisions among the 
reactants, excited helium (He*), and free electrons (e-) seems to increase with temperature, that in 
turn leads to higher methane conversions and changes in products selectivities.   
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INTRODUCTION 
Due to the existence of abundant reserves of natural 

gas in the world, direct conversion of natural gas, 
 
 
 

predominantly methane, into higher molecular weight 
hydrocarbons represents a great chemical and techno- 
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logical challenges for both chemical engineers and 
petrochemical industries. Nonoxidative conversion of 
methane could be an interesting alternative to the 
oxidative conversion (e.g. oxidative coupling of methane, 
OCM) due to its higher selectivity towards heavier 
hydrocarbons [1-3]. However, due to the high stability of 
C-H bond in methane, its direct conversion needs  
a strong source of energy for breaking the C-H bond  
in methane and generating active species of electrons, 
ions, and radicals. One of the most important types  
of plasma for chemical processes is nonequilibrium 
plasma, characterized by low gas and high electrons 
temperatures. In other words, the nonequilibrium  
plasma consists of electrons that have a much higher 
energy than the bulk gas species. These electrons could 
have energies ranging from 1 to 10 eV corresponding to 
temperatures ranged from 10,000 to 100,000K. Dielectric 
barrier discharge (DBD), is a nonequilibrium plasma 
reactor, which at atmospheric pressures, offers high 
reactor volumes, and is commonly used for chemical 
processes.  

In a dielectric barrier discharge (DBD) reactor, when 
the amplitude of the applied ac electric field reaches a 
certain critical value, the so-called breakdown is initiated 
in the gas. When breakdown is initiated at any location 
within the discharge gap, the charge accumulates on the 
dielectric resulting in an opposite electric field. This 
opposite electric field locally reduces the external electric 
field in the gap and interrupts the current flow within a 
few nanoseconds. By this mechanism, individual current 
filaments called micro discharges are formed. The 
duration of micro discharges depends on the reactor 
pressure, gas composition, and the dielectric used. A 
large number of such micro discharges will be formed 
when a stable DBD operation is established [4]. 

Research has been conducted on methane conversion 
using plasma environment to initiate the reaction in an 
oxidative environment [5-8]. Most of the products in 
oxidative conversion of methane using corona, pulsed 
discharge and microwave discharge are low molecular 
weight hydrocarbons, as well as carbon oxides. This 
means that due to high exothermicity of the oxidative 
conversion, most of the higher molecular weight 
hydrocarbons are susceptible to the secondary conversion 
to carbon oxides, which in turn lead to lower selectivity 
to these products. However, the only products of the non-

oxidative conversion of methane in nonequilibrium 
plasma are C2+ hydrocarbons, although minor amounts of 
carbon are deposited on the reactor walls.   

The principal advantages of the DBD are that, non-
equilibrium conditions can be easily established at 
atmospheric pressure and that the entire electrode area is 
effectively used for discharge reactions. In the DBD 
reactor, a wide range of the hydrocarbons could be 
produced due to its large volume of discharges. This 
makes direct production of liquid fuel formation feasible 
[9-19]. Such products contain a large amount of branched 
hydrocarbons, which have higher octane number when 
used as a blend in the gasoline pool. However, a problem 
with the direct fuel production from methane using DBD 
is the formation of carbon species and the plasma 
polymerized carbon film [9]. Up to now direct and 
nonoxidative methane conversion using high frequency 
pulsed plasma [20, 21], catalytic and microwave plasma 
[22], dinitrogen microwave plasma [23], RF plasma 
reactor [24], and pulsed plasma [25] in low pressure, have 
been investigated by different research groups. But 
simultaneous effects of heat, diluant gas and  non-
equilibrium  plasma was not investigated. 

In the present study, the synergetic effect of DBD 
plasma and temperature on the conversion and product 
selectivities of noncatalytic and nonoxidative methane 
conversion in a DBD reactor is investigated. Along with 
the effects of different CH4/He ratios and feed flow rates 
are examined. 
 
EXPERIMENTAL 

Fig. 1 presents the DBD reactor and the experimental 
set up used for this study. The DBD reactor consists of a 
quartz tube containing an inner cylindrical stainless steel 
rod and an outer stainless steel foil as its electrodes. The 
annular gap between the quartz tube and the rod is 1.2 
mm and the DBD reactor length is 120 mm. The feed 
flows in the annular gap. A function generator (Pintek 
FG-32) with 0.5-3 MHz frequency capable of generating 
six types of output waveforms and up to 10V was used to 
generate the sinusoidal wave. A high voltage amplifier 
(Trek 10/40 A) working at about 3 kHz and 10-20 kV 
(pick to pick) was used to amplify the voltage. The power 
delivered to the dielectric barrier discharge reactor was 
calculated by the following formula; 

P = ½ Vm Am cos(φ) 
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Fig.1: DBD reactor (a) and experimental set up (b). 

(a) 

Gas 
Input 

Plasma 

Quartz Tube 

Grounded 
Stainless Steel 

High Voltage 
Stainless Steel Rod 

Gas 
Output 

(b) 

Mass Flow 
Controllers 

Furnace 

Thermocouple 

Grounded 
Electrode 

DBD Reactor Function 
Genarator 

AC-High Voltage 
High Frequency 
Power Supply Oscilloscope Heated  

Tube 

H
e 

C
H

4 

CP-3800 
Varian-GC 

TC 



Iran. J. Chem. Chem. Eng. H. Tarverdi, M. S., et al. Vol. 24, No.4, 2005 
 

 66 

Where;            
P = power in W 
Vm = maximum voltage in kV 
Am = maximum current in mA 
φ = phase lag between voltage and current waves in 

degree 
Voltage, current, and the phase lag were measured by 

an oscilloscope (HAMEG HM 203.7). As is seen in  
Fig. 1, the feed gases, CH4 and He are introduced into the 
reactor via mass flow controllers. The effluent from the 
reactor contains un-reacted CH4 and low and high 
molecular weight hydrocarbons. The effluent was 
transferred through a 1/8″ OD stainless steel tube, the 
temperature of which was adjusted at a few degrees 
higher than the reactor temperature, to prevent the 
possible condensation of the heavy hydrocarbons. A 
modified multi-valve, multicolumn Varian CP-3800 
refinery gas analyzer (RGA) from Varian-Chrompack 
was used for analyses of the effluent from the reactor. 
The RGA was equipped with an FID and a TCD. The 
signals from the detectors were conditioned, digitized, 
and processed by a software (Star Chromatography 
Workstation Software). Using the hydrocarbon standards, 
RGA peaks were identified and calibrated so that  
we could calculate the molar flow rate of different 
products. 

In order to raise the reactor temperature to the desired 
temperature, an electrical heating system around the 
reactor was employed. The temperature of the heating 
system was controlled via a PID temperature controller. 
Precaution were taken to avoid the disturbance of the 
high voltage and high frequency power supply of the 
plasma on the electrical heating system and its controller. 
 
RESULTS  AND  DISCUSSION 

In this research, each run of experiments lasted for 
about 40 minutes and the effluent concentration of 
individual species was monitored by the gas chro-
matograph (RGA). Analyses of the reactor effluent were 
performed when the stable performance of the reactor 
system was established. 

 
Stability of plasma, methane conversion and products 
selectivities 

Fig. 2 demonstrates the stability of nonoxidative 
conversion  of  methane  in  the  DBD  reactor. This set of  

 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 2: Stability of DBD reactor at 200 oC. (Conditions: 14 kV 
and 3 kHz (power = 230 W), feed flow rate =16 sccm with 50 
mole% CH4 in helium). 

 
experiments was conducted at constant temperature  
of 200oC, while keeping a constant 16-sccm total flow 
rate of 50 mole% methane in helium at ambient pressure 
of 660 mmHg. A frequency of 3kHz and a voltage  
of 14kV, corresponding to a power of 230 watts, were 
applied to the DBD reactor. It takes about 40 min for  
the DBD reactor to reach 100±2oC, just by the energy  
of the plasma. Then the DBD reactor was externally 
heated in the furnace to raise the temperature to 200±4oC. 
The performance of the DBD reactor in regards to 
methane conversion and different products selectivities is 
quite stable within the time interval of 40-240 min used 
for this experiment. As reported by other groups [19, 24], 
minor amounts of soot deposits were found on the  
inner wall of quartz reactor and the outer surface of  
the stainless steel rod (high voltage electrode). However, 
the deposits did not affect the stability of the DBD 
reactor.  

In the DBD reactor, the CH4 conversion was primarily 
affected by three factors:  

1) methane mole fraction in its mixture with helium,  
2) total gas flow rate,  
3) input power (W) determined by voltage (kV) and 

frequency (kHz). The effects of these factors on the 
methane conversion and products selectivities of 
nonoxidative conversion of methane in the DBD reactor 
are investigated and the results are presented in the 
following sections. 
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Effect of helium concentration and temperature on 
methane conversion and C2+ selectivities   

Experiments were conducted by varying the CH4/He 
while keeping a constant total flow rate of 32 sccm, 
corresponding to a residence time of 12 sec, at ambient 
pressure of 660 mmHg. Fig. 3 illustrates the effect of 
CH4/He ratio on the methane conversion and product 
selectivities at different temperatures. For all of the 
temperatures examined, the methane conversion passes 
through a maximum at CH4/He ratio of 1. Fig. 3 shows 
that the highest effects of the temperature on the methane 
conversion maxima at CH4/He of 1 occurs in the range of 
100-200oC. At higher temperatures range, minor effects 
of the temperature are observed. Lower effects of 
temperature at other CH4/He ratios are detected. 

The C2 selectivity, the main product of the non-
oxidative conversion of methane in the DBD reactor, 
passes through a minimum at CH4/He ratio of 1. The C2 
selectivity monotonously decreases with the temperature 
at different CH4/He ratios. However, the C3, C4, and C5+ 
selectivities show maxima at CH4/He ratio of 1 and, in 
most cases, increase with temperature.    

The diluent gases are not passive components in the 
plasma atmosphere; they are used to control the reactivity 
of the plasma. It has been established that helium in its 
excited state is a much better charge and energy transfer 
body compared to other diluent gases such as argon and 
nitrogen [26]. 

The diluent gases are not passive components in the 
plasma atmosphere; they are used to control the reactivity 
of the plasma. It has been established that helium in its 
excited state is a much better charge and energy transfer 
body compared to other diluent gases such as argon and 
nitrogen [26].  

Previous investigations on oxidative coupling of 
methane, in corona discharge reactor show that the 
formation of methyl radical is the rate-controlling step 
[27].  Presence of oxygen increases the concentration of 
methyl radicals, which in turn result in higher methane 
conversion. In general, methyl radical formation is thought 
to be responsible for the initiation of radical reactions 
leading to higher molecular weight hydro-carbons. There 
is a consensus among majority of the researchers that 
methyl radicals are formed by a homolytic hydrogen 
abstraction either catalytically or by action of a third body 
such as electron(e-) or excited state of a gas like helium 
[24] which are present in the plasma reactions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Effects of CH4 /He ratio and temperature on methane 
conversion and C2+ selectivities of nonoxidative conversion of 
methane in a DBD reactor.(Conditions: 660 mmHg, 230 W, 
14 kV and 32 sccm or 12 sec residence time). 
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CH4 + e           CH3˙ + H˙ + e 
CH4 + He*            CH3˙ + H˙ + He 

Different hydrocarbons are formed via the following 
reactions: 

CH3˙+ e  (or He*)           CH2˙ + H˙ + e  (or He) 
CH2˙+ e  (or He*)           CH˙ + H˙ + e  (or He) 
2 CH˙          C2H2 
2 CH3˙          C2H6 
C2H6 + e  (or He*)           C2H5˙ + H˙ + e  (or He) 
2 C2H5˙         C2H6 + C2H4 
2 C2H5˙         C4H10  
 C2H5˙ + CH3˙          C3H8 

             . 
             . 
             . 
Fig. 3a indicates that methane conversion increases 

with CH4/He ratio to a maximum at 1.0 and then 
decreases at higher CH4/He ratios. It appears that there 
are two effects involved in this behavior [26]. At lower 
values of CH4/He or in fact lower methane partial 
pressures, methane conversion is low, and increases with 
an increase in methane concentration. However, at higher 
methane partial pressures i.e. lower helium partial 
pressures, the positive effects of helium start to diminish. 
This results in a decrease in the methane conversion. 
Therefore, there is an optimum CH4/He ratio, which leads 
to a maximum methane conversion for each set of 
operating conditions of plasma power, temperature, etc.  

Fig. 3a also demonstrates that at higher temperatures, 
methane conversion is improved for all CH4/He ratios. 
This may be attributed to the synergetic effects of 
temperature and plasma; the concentration of charged and 
excited particles increases with temperature in the plasma 
atmosphere leading to higher methane conversions.  

 
Synergetic effects of plasma power and temperature 

In this set of experiments, helium was used as a 
diluent gas, other conditions were as follows: frequency 
was kept constant at 3 kHz, input voltage used were 11 
and 17.5 kV, pressure was 660 mmHg, and total gas flow 
rate was 32 sccm. 

Table 1 presents the carbon atom products 
selectivities for the reaction at 140W and 100-350oC.  
The selectivities are based on the carbon atoms in the 
products; e.g., the molar formation rate of C4, in 
calculation of selectivities, is multiplied by 4. In addition, 
it should be noted that  for  products  heavier  than   C3  all 

Table 1: Effect of temperature on product selectivities in 
percentage. (Conditions: 11 kV and 3 kHz (input power of 140 
W), feed flow rate of 32 sccm with 50% CH4 in helium, C4 to 
C8  include all isomers). 

Temp. 
    (°C) 

  
Comp. 

100 160 200 250 350 

C2H6 81.47 78.22 76.51 74.81 73.01 

C2H4 7.93 8.68 9.22 10.17 11.18 

C2H2 0.93 1.72 2.22 2.70 3.41 

C3H8 4.68 4.88 4.86 4.72 4.70 

C4 2.53 3.34 3.75 3.75 4.15 

C5 1.38 1.68 1.84 1.97 2.22 

C6 0.68 0.87 0.97 1.07 0.95 

C7 0.24 0.34 0.38 0.44 0.27 

C8 0.16 0.26 0.25 0.37 0.10 

 
of the isomers of the product have been considered 
collectively. The products consist of a wide rang of 
hydrocarbons mainly from C2 to C8. 

Fig. 4 presents the changes of carbon atom selectivity 
of the products with their carbon number in the range of 
C2 to C6 at two temperatures of 100 and 350oC. It shows 
that the most selective product of nonoxidative conversion 
of methane in the DBD reactor is C2 hydrocarbons (C2H6, 
C2H4 and C2H2). There is a sharp decrease in C3 
selectivity, and then the higher hydrocarbon selectivities 
decrease with a nearly constant logarithmic slope. Fig. 4 
shows that the collective C3+ selectivities slightly are 
increased with temperature.  

Figs. 5a and 5b present methane conversion and 
product selectivities at two powers of 140 and 230W. For 
reactor temperatures higher than 100oC, the DBD reactor 
was externally heated. Fig. 4a shows that when the input 
power increases from 140 to 230W, the CH4 conversion 
enhances from 16.5 to 17.5% at 100oC and from 20.3 to 
27.0% at 350oC, respectively. The results reveal that, 
higher input power and higher temperature provide more 
energy for the ionization of gas molecules. In addition, 
the frequency of effective collisions among the reactants, 
excited helium (He*), and free electrons (e-) increases 
with temperature. Both phenomena enhance the methane 
conversion.  

Figs. 5a and 5b show the effect of temperature on the 
C2+ selectivities at the two powers of 140 and 230W.  For  

- - 

- - 

- - 

- - 
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Fig. 4: The carbon atom selectivity via carbon number at 
different reactor temperatures of 100 and 300oC. (Con-

ditions:230 W, 14kV, 3 kHz, 32 sccm of 50% CH4 in Helium, 
660 mmHg, methane conversion: 16-26%). 
 
both figures the C2 selectivity decreases with temperature, 
whereas the C3+ selectivities is slightly improved. Table 1 
demonstrates that at 140W input power, when the 
temperature increases from 100 to 350 °C, the selectivity 
of ethane decrease from 81.5 to 73.0, while the 73.0, 
while the selectivities of ethylene and acetylene enhances 
by about 40% and 270%, respectively. In addition, the 
selectivities for C6+ pass through maxima at 250oC. It 
seems that the dehydrogenation of ethane, which results 
in formation of more ethylene and acetylene, is enhanced 
at higher temperatures. This may be explained based the 
chain reactions described in section 3.2, i.e., the reactions 
which lead to ethylene and acetylene are enhanced at 
higher temperatures. However, in the absence of plasma, 
ethane dehydrogenation reactions could not occur at the 
low temperatures examined in this study.   
 
Effect of residence time on methane conversion and C2+ 
selectivities of the DBD reactor 

In these experiments two different gas flow rates of 
16 and 32 sccm, respectively corresponding to 24 and 12 
sec gas residence times, were tested at different 
temperatures. Other conditions were as follows: pressure 
of 660 mmHg, CH4/He ratio of 1.0, and input power of 
230W.  

Table 2 presents the methane conversion and C2+ 
selectivities at the two gas residence times and different 
temperatures. The results indicate that, at the three 
temperatures of 100, 200, and 300oC tested,  the  methane 

Table 2: Methane conversion and C2+ selectivities in 
percentage at two residence times of 12 and 24 sec and 
different temperatures.(Conditions: 660 mmHg, CH4/He ratio 
of 1.0, and input power of 230W). 

Gas Residence 
Time (sec) 

12 24 12 24 12 24 

Temperature 
(°C) 

100 200 300 

 

CH4 
Conversion 

18.4 23.2 24.5 28.1 25.1 30.1 

C2H6 80.7 79.2 77.4 75.6 74.4 72.4 

C2H4 6.3 5.5 6.7 6.7 8.1 7.8 

C2H2 1.3 1.4 2.1 2.5 2.8 3.2 

C3H8 5.3 5.8 5.3 5.6 5.1 5.5 

C4 3.2 3.8 4.5 4.1 5.1 4.6 

Se
le

ct
iv

ity
 

C5+ 3.3 4.4 4.5 6.5 4.0 5.6 

 
conversion enhances with the gas residence time. As the 
gas residence time increases from 12 to 24 sec, the 
methane conversion increases by about 25% and 20% at 
100oC and 300oC, respectively. The same effect of 
temperature on the enhancement of methane conversion 
is observed at the two gas residence times. 

Table 2 also shows that the C5+ selectivity slightly 
increases with gas residence time, while the C3-C4 
selectivities does not change significantly. In addition, the 
ethane selectivity decreases with gas residence time to 
minor amounts, while the enhancement of ethylene and 
acetylene selectivities is not consistent.  

 
CONCLUSIONS 

Methane is converted to predominantly C2 and 
heavier hydrocarbons up to C8 in a dielectric barrier 
discharge reactor without use of oxygen. The 
temperature, input power, helium concentration, and gas 
residence time is changed and their effects on the 
methane conversion and C2+ selectivities is investigated. 
Significant synergetic effects among the plasma, 
temperature and helium concentration is observed. The 
methane conversion increases with temperature, input 
power and gas residence time. The C2 products 
selectivities decrease and C3+ products selectivities 
increase with temperature, power input, and gas residence 
time. However, the methane conversion shows maxima at 
CH4/He ratio of 1.0, at which the temperature exhibits the 
most significant effects. At  the  same  ratio,  C2  products  
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Fig. 5: Effect of  temperature and input power on methane 
conversion and product selectivities.(Conditions: Feed flow 
rate = 32 sccm with 50% CH4 in helium) a)Voltage =11kV and 
3 kHz (Power =140 W),  b) Voltage =14kV and 3kHz (Power 
=230 W). 
 
selectivities show minima and C3+ ones show maxima, 
which considerably change with temperature. The use of 
active catalysts and their synergetic effects with 
temperature and diluents is under investigation. 
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