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Abstract—Conversion of methane to C,/C, or higher hydrocarbons in a pulsed DC barrier discharge at atmospheric
pressure was studied. Non-equilibrium plasma was generated in the barrier discharge reactor. In this plasma, electrons
which had sufficient energy collided with the molecules of methane, which were then activated and coupled to C,/C,
or higher hydrocarbons. The effect of the change of applied voltage, pulse frequency and methane flow rate on meth-
ane conversion, selectivities and yields of products was studied. Methane conversion to higher hydrocarbons was about
25% as the maximum. Ethane, propane and ethylene were produced as primary products, including a small amount
of unidentified C, hydrocarbons. The selectivity and yield of ethane as a main product came to about 80% and 17%
as the highest, respectively. The selectivities of ethane and ethylene were influenced not by the change of pulse fre-
quency but by the change of applied voltage and methane flow rate. However, in case of propane, the selectivity was
independent of those condition changes. The effect of the packing materials such as glass and Al,O, bead on methane
conversion was also considered, showing that AL,O, played a role in enhancing the selectivity of ethane remarkably

as a catalyst.
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INTRODUCTION

Natural gas is one of the most useful resources n the world be-
cause of 1ts abundance and extent of distribution, and with reserves
of ol being depleted, the value of natural gas as an alternative fuel
15 ever increasing. However, 60-90% of the natural gas wells dis-
covered to date are located far away from where needed. There-
fore, unless this useful gas can be liquefied or converted mto other
chemicals for easy transport in large-scale through pipe-lines to the
comsummers directly, this resource may be of no use m spite of its
great amount. This is why so many researchers have been trying to
convert methane, which 1s the mam component of natural gas, to
hiquud fuel or other useful chemicals. But there are many difficul-
ties in doing so because of the chemical stability of methane.

Natural gas can be mndirectly converted to liquud fuels or other
chemicals by way of synthesis gas, or directly transformed to C,
hydrocarbon or methanol. Most commercial natural gas converting
processes convert methane to synthesis gas with steam reforming,
and then synthesize methanol or gasoline by using this synthesis
gas as an mtermedhate. Smcee the process producing synthesis gas
with steam reformmg of natural gas requires much endothermic
heat, it needs a great deal of energy and high temperatures over 800
°C, and another process to synthesize methanol from the synthesis
gas. To overcome these problems, there have been many studies
on the direct conversion method. Oxidative coupling [Sofranko et
al., 1987, Zhang et al,, 1988; Lin et al,, 1988; Ito et al,, 1988; Bae
etal, 1999], thermal coupling [Holmen et al., 1995], plasma [Fraser
et al, 1985, Oumghar et al, 1995; Savinov etal, 1999, Choetal,
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1998] and so on are used for direct methane conversion.

Oxidative coupling reaction converts methane directly to ethane
or ethylene over catalysts, and then transforms those C, hydrocar-
bons wto hquid hydrocarbon fuels such as gasoline. Until now, there
have been many studies on oxadative coupling. Oxygen 1s to be sup-
plied with methane for methane oxidative coupling reaction so that
Gibbs’ free energy change may become negative. In this case, it is
more likely for methane combustion to occur than methene cou-
pling n view of thermodynamics and kinetics. To resolve thus prob-
lem, therefore, it 1s necessary to develop effective catalysts capable
of enhancing the methane coupling. Although some catalysts such
as LiMgO, Sm,0,, La,0;, PbO/MgO and so forth have been de-
veloped, the yield of C, has not exceeded 25%. Furthermore there
1s still the disadvantage that the reaction has to be performed at high
temperatures over 600°C to obtam reasonable methene conversions
and C, selectivity [Zhang et al, 1988; Lin et al., 1988, Tto et al.,
1988].

Thermal coupling converts methane directly to C, hydrocarbons
at very high temperatures. Fischer and Pichler [1932] and Wheeler
and Wood [1928] reported first that products other than hydrogen
and carbon could be obtaned by controlling residence time [Hol-
men et al., 1995]. Hereafter, there were many studies on the ther-
mal coupling reaction of methane, especially on the production of
acetylene. Recently, the synthetic processes for producing acetyl-
ene and ethylene together have been under study. Nonetheless, a
thermal coupling reaction occurring at extremely high temperatures
over 1,200 °C has limited applications because its main product acet-
ylene is not used widely.

Methane conversion with plasma is being widely researched now-
adays as an alterative in order to avoid these difficulties. Methane
activation with plasma is very effective not only m that methyl rad-
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icals could be easily made by the high energy of plasma, but also in
that various kinds of chemical reactions could be induced through
the high energy. Marafee et al. [1997] reported on a methane con-
version reaction with glow discharge at a vacuum of 1-2 mmHg.
Ethane, ethylene, acetylene, hydrogen and carbon layer deposited
on the reactor wall were main products, and methane conversion
was 98%. Another study with glow discharge also showed a meth-
ane conwversion over 90% [Savinov et al, 1999]. But glow dis-
charge does not seem to be economical because it must be oper-
ated under vacuum. Consequently, technologies using atmospheric
pressure plasma, especially corona discharge, have been vigorous-
ly mvestigated [Liu et al.,, 1996; Chang et al., 1991]. In glow dis-
charge one molecule of methane can get enough energy due to the
ranty of molecules under vacuum state. However, 1t 1s very diffi-
cult to provide enough energy to one molecule of methane in coro-
na discharge owmg to the relatively ngh density of molecules at
atmosphenic pressure. This 18 why marny researchers have applied
corona discharge over metal oxide catalysts at a reaction temperature
of 400-600 °C to convert methane [Liu et al., 1997, 1998, Marafee
et al, 1997]. Nevertheless, the conversion of methane did not go
beyond 30%.

In thus study, barrier discharge at atmospheric pressure was used
to overcome these limits of corona discharge. For bamier discharge,
one or beth of the surfaces of two electrodes should be surrounded
with dielectrics such as glass, so that dwect discharge may not occur
in the gap between the two electrodes under high voltage. The dif-
ferenice between dielectricities of gas and solid gives a strong elec-
tric field to the gas, and high energy-level plasma may be gener-
ated. In addition, a more umuform discharge zone can be formed n
barrier discharge than m corona discharge. Eventually, 1t 15 more
possible for electrons, which have enough energy to break the car-
bon-hydrogen bond m the methane molecule, to collide with meth-
ane molecules and generate methyl radicals. Arc generation, which
18 much more likely to happen i corona discharge, can also be mm-
muized due to the dielectric barrier between electrodes [Lee et al.,
1994].

Using this barrer discharge which has many mernits over corona
discharge, methane conversion, the selectivities and yields of eth-
ane, propane, ethylene as main products were investigated under
different experimental conditions such as methane flow rate, ap-
plied voltage and pulse frequency, etc. The effect of packing mate-
nals on methane conversion and the product selectivities was also

observed.
EXPERIMENTAL DETAILS

The expenmental setup for methane conversion reaction with
barner discharge 1s shown in Fig. 1. Only methane witha punty of
99.99%% was used as a feed gas, and the flow rate of methane was
controlled with a Mass Flow Controller (Bronkhostt, Type-5534
FA). Stanless steel wire with a diameter of 0.45 mm was mnstalled
n a Pyrex cylinder with an inner diameter of 25 mm, a thickness
of 1.7 mm, and a length of 240 mm. The cylnder was surrounded
by a copper plate with a thickness of 0.2 mm for ground. The reac-
tor 1s represented in detail in Fig. 2. Silicon rubber was used to seal
both ends of the reactor. A DC pulse generator (LG Industrial Sys-
tems, Co., Ltd,, Model ASM-20K2504A) with 20kV and 1.5kHz
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Fig. 1. Schematic diagram of methane conversion system with bar-
rier discharge.
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Fig. 2. Details of cylinder-to-wire barrier discharge reactor.

pulse was employed for generating plasma. In comparison with con-
tirmous DC (or AC), the energy efficiency can be improved by pre-
ventmg energy loss by heat The gaseous products were measured
qualitatively with mass spectrometer (Balzers Co., QMS 200), and
analyzed quantitatively by correlating their concentrations to their
component peak responses derived from the calibration data based
on the mass spectrum of the binary mixture.

Variables m experimental conditions were methene flow rate,
the structure of the wire electrode, applied voltage and pulse fre-
quency, with or without packing materials. The flow rate of meth-
ane was varied at 20, 40 and 60 ml/mmn. The voltage was applied
from 8kV, at which a breakdown occurred in the gap between wire
electrode and glass barrer, to 10kV at the fixed pulse frequency of
1.5kHz, and the products were analyzed At the same flow rate,
the pulse frequency was varied from 0.5kHz to 1.5 kHz with ap-
plied voltage fixed at 10kV.

The effect of packing material n the reactor was tested with glass

Korean J. Chem. Eng.(Vol. 18, No. 2)



198

Table 1. Effect of the number of wires on methane conversion

No. of wires 1 2 4 8

Methane conversion [%] 13 23 25 21

(Experimental conditions; 10 kV, 1.5 kHz, CH, 20 ml/min).

and Al,O; bead at the diameter of 8 mm and 4 mm, respectively.
The methane conversion, the selectivities and yields of the prod-
ucts according to the flow rate change were tested with the pack-
ing materials. The applied voltage and pulse frequency were fixed
at 10kV and 1.5kHz, respectively. The man products from the
barner discharge reactor were ethane, propane and ethylene, mclud-
mg a few C, hydrocarbons. The maximum voltage supplied by the
power source 18 20kV. If the applied voltage was over 10kV, the
reaction temperature increased sharply and the methane molecules
were completely decomposed mto carbon. This carbon deposited
on both the wire electrode and the nside wall of the reactor, making
the reactor efficiency decrease considerably.

RESULTS AND DISCUSSION

1. Effect of Reactor Structure on Methane Conversion

To optimize the reactor structure for experiment, methane con-
version was measured with a number of wires mside the reactor.
Table 1 shows how the number of wires from 1 to 8 affected the
methane conversion. With the number of wires increased from 1 to
4, methane conversion was also ncreased because the plasma area
became widened. When the number of wires was &, methane con-
version was rather decreased. This 1s because there’s no uniform
plasma distribution around & wires and no plasma around some
wires, which caused a part of the methane to pass through the reac-
tor without bemg affected by plasma. Therefore, the experiments
were conducted with a 4-wire reactor that showed the lnghest con-
version of methane.
2. Effect of Applied Voltage

The magnitude of the external applied voltage 15 related to the
strength of the mtermnal electric field, winch 1s the most mportant
parameter 1 the plasma reaction. Therefore, the effect of applied
voltage was first considered. At methane flow rate of 20 ml/imin,
the changes of methane conversion, the selectivities and yields of
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Fig. 3. Effect of applied voltage on methane conversion, selectivi-
ties and yields of products (frequency=1.5 kHz, methane
flow rate=20 ml/min for selectivities and yields).

the products according to the change of applied voltage are repre-
sented i Fig. 3. The methene conversion mcreased with the mcrease
of the applied voltage. The mncrease of the external applied voltage
produced more energetic electrons, and the possibility of breaking
the C-H bond m the methane molecule was enhanced. When the

Table 2. Comparison of conversion and selectivity to other plasma processes

Flow p v Freq. CH,conversion Selectivity (%)
Method Feed (mlmin)  (Tom) (kV) (M) ) CH, CH, Catalyst Ref.
CH, 20 760 11 50 25 40 3 -
CH, 20 760 6.5 50 14 40 3 -
Parallel-plate barrier CH,+He (3:1) 20 760 6.5 50 11 - - - b
discharge CH,+He (1:1) 20 760 6.5 50 29 - - -
CH,+C,H,(9:1) 20 760 6.5 50 24 - 35 -
CH,+C,H,(8:1) 20 760 6.5 50 23 - 5 -
CH,+O,(4:1) 100 760 5 - 9 43¢ -
DC-corona CHy,+O,(4:1) 100 760 5 - 21 444 Sr/La,0s
discharge CH,+0,(2:1) 100 760 5 - 5 25¢ -
CH,+O,(2:1) 100 760 5 - 36 27 Sr/La, 0,

a: C, total, b: Thanyachotpaiboon et al., 1998, c: Marafee et al., 1997.
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Table 3. Comparison of conversion and selectivity to oxidative coupling processes
Flow T CH, conversion  Selectivity (%)
Ref. Feed (mlmin)  (C) %) m Catalyst Remark
a CH,+0O,+He (29:15:56) 50 720 38 46.5° 7% Li/MgO
CH,+0,+He (4:1:95) 29 58
b CH,+O,+He (28:15:57) 55 725 39 38.3° 15% Na/CaO
CH,+0,+He (15:5:80) 26 51.5°
¢ CH,+0O, 100 800 23 239 318 15% Mn/SiO, Cumulative
30 139 365 Instantaneous
d CH,+O,+He (10:5:85) 50 750 28 246 287 0.18% Li/ZnO
a:Ttoetal., 1988, b: Linet al., 1988, c: Sofranko et al., 1987, d: Zhang et al., 1988, e: C, total.
residence time of methane was long enough at a flow rate of 20 ml/ 30
mury, methane conversion was practically unchanged over 9kV. 25 |
The ethane selectivity was from 60% to 8% at a methane flow <y
rate of 20 ml/min. This value is fairly high compared to the aver- 'g' 20
age 30-40% with oxidative couplmg [Sofranko et al., 1987; Zhang 815
et al, 1988; Lin et al,, 1988; Tto et al,, 1988], and about 40%0 with g 10
the parallel plate barner discharge at similar conditions by Marafee o
et al [1997] and Thanyachotpaiboon et al [1998]. The results of 5
other studies are summarized in Tables 2 and 3. They reported that 0
the selectivities of the products are mdependent of applied voltage. 25 50 75 .00 125 150 175
However, mn this experiment the selectivity of ethane decreased 100 T
slightly, that of propane was nearly constant, and that of ethylene 80 - . Ethane
mereased a little with the increase of applied voltage. The produc- < ‘ - - _
tion rate of methyl radicals increased at higher voltage, which re- %“ 60 1
sulted m increasmg the production rate of ethane. At the same time, '§ 0
these ethane molecules collided with hydrogen radicals or methyl 2 o
radicals to form ethyl] radicals, from which hydrggen radicals were 20 4 a - - m:' ane
removed to produce ethylene molecules. The mcrease of ethane -, " Ethylene
production rate meant the merease of ethane decomposition rate, 0 25_ — 50_ ?5 o0 125 1 o 175
wihich caused ethane concentration to decrease. The rate of ethane ' : i i '
decomposition was probably lngher then that of ethane production 16 1 A:' e
with the increase of applied voltage, so the selectivity of ethane was
decreased. = 12 4 5
As described above, the ethane was produced first, then ethyl- 5 .
ene was formed. Hence, the decrease of ethane meant the increase E 81
of ethylene. Propane molecule was formed from the collision of / Propane
methyl radical and ethyl radical. The increase of methane conver- 41 ﬁ o
sion caused the available methyl radicals and ethyl radicals to m- 0 x viene
crease, so the propane production 18 enhanced. But at the same time, 25 50 75 100 125 150 175

since there was more chance to form C, hydrocarbon, propane form-
ng was restricted [Marafee et al, 1997]. The propane selectivity
remained constant in this system because these mutual offsetting
effects were almost the same. The yields of the products increased
as the applied voltage increased. The yields were calculated by mul-
tiplying the conversion by the selectivities of the products, and the
change of conversion was mamly responsible for the changes m
yields.
3. Effect of Pulse Frequency

The effect of pulse frequency on the conversion of methane was
mvestigated at a constant electric field. Fig. 4 represents the changes
of methane conversion, the selectivities and yields of the products
with the change of pulse frequency at a methane flow rate of 20 ml/
mm. Methane conversion mcreased with an increase of the pulse

Pulse frequency[kHz]

Fig. 4. Effect of pulse frequency on methane conversion, selectivi-
ties and yields of products (voltage=10 kV, methane flow
rate=20 ml/min for selectivities and yields).

frequency. The energy supplied to the internal electric field per unit
time was increased with the increase of pulse frequency, and the
possibility of destroying C-H bond of methane molecule became
higher. There was no significant change in the selectivities of the
products, unlike the case when applied voltage was changed.
4. Effect of Methane Flow Rate

The effect of methane flow rate, in other words, the residence
time of methane in the reactor was examined Fig. 5 shows the
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Fig. 5. Effect of flow rate on the selectivities and yields of products
(voltage=10 KV, frequency=1.5 kHz).

changes of methane conversion, the selectivities and yields of the
products according to the various flow rates at the apphed voltage
of 10kV and pulse frequency of 1.5kHz Methane conversion de-
creased rapidly with the mcrease of methane flow rate, whule the
selectivity of ethane increased, that of ethylene decreased, and that
of propane was almost constant. The merease of flow rate reduced
the residence tune of methane m the reactor, which resulted m re-
ducmng the chance of methane molecules to collide with electrons
which had enough energy to destroy the C-H bond. Thus effect
caused the production of methyl radicals to decrease.
5. Effect of Packing Materials

Many researchers [Liu et al, 1997, 1998; Marafee et al., 1997]
have considered the plasma process with various packing materials
as catalysts to enhance methane conversion and the selectivities of
the products. To check the effect of these packing materials, glass
beads and ALO, were packed m the reactor. The methane conver-
sion and selectivity and yield of the products were observed accord-
ng to the methane flow rate as shown in Fig. 6. Glass beads and
ALO, with a diameter of 9 mm and 5 mm, respectively, were packed
mto 90% of the reacter volume. The mean residence time of meth-
ane without packmg matenal was about 5 mimtes, that with glass
bead about 2.5 mmutes, and that with Al,O; about 2 minutes.

Methane conversion with packing materials was lower than with-
out packing materials, and the difference between conversions be-
came smaller as the methane flow rate ncreased. The trends were
due to the decrease of the chance of methane molecules to collide
with the electrons, which resulted from the shorter mean residence
time in the packed bed than in the blank bed. The selectivity of eth-
ane m AlO; was the highest, and mproved by about 30% com-
pared to that n the blank bed. The selectivity of propane m the glass
beads and in the blank bed was independent of the change of meth-
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Fig. 6. Effect of packing materials on methane conversion and
product selectivities (voltage=10 KV, frequency=1.5 kHz; A
blank, T glass bead, v AL O, bead).

ane flow rate, but it decreased sharply in AL,O,. When ALO, was
packed in the reactor, the selectivity of ethylene was very small

From thus result, it was thought that AL,O; acted as a catalyst to
improve the selectivity of ethane. The trends of the product selec-
tivity were almost the same mn glass beads and blank bed as shown
mn Fig. 6. The methane conversion of the glass bead packed bed at
a flow rate of 20 ml/mm corresponded to that of the blank bed at
40ml/mm. It can be confinmed at this pomt that glass beads in the
reactor had no role other than they reduced the residence time of
methane.

The methane conversion of the glass bead packed bed is lugher
than that of a blank bed at 60 ml/min of methane flow. This must
be due to the effect of mixing at high flow rate. The plasma inten-
sity 1s very high near the wire, and it becomes weak at long dis-
tance from wire. The molecules at high flow rate in the blank bed
pass the reactor without contacting the strong plasma zone, so the
conversion 1s Jow. The glass beads enhance the mixing of the mol-
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ecules and more molecules contact the strong plasma zone, so the
conversion becomes high.

CONCLUSIONS

In this study, 1t was verified that conversion of methane to C, or
higher hydrocarbon under the barrier discharge at atmospheric pres-
sure could be an alternative to the process using catalytic reaction
or conventional corona discharge m view of the methane conver-
sion and the product selectivity.

Using the cylinder-to-wire atmospheric barrier discharge reactor
with the appled voltage of 10kV, the pulse frequency of 1.5kHz
and the methane flow rate of 20 ml/min, the methane conversion
was about 25%. The products are ethane, propane and ethylene n-
cluding a few C, hydrocarbons, and the yield of ethane was about
17%. The ethane selectivity was some 60%, wiuch 13 quite good
compared to about 40% of Caldwell et al. [1998). This was a much
encouraging result in terms of commercial applications. The pro-
duction of olefins like ethylene was extremely restricted m com-
parison with that of paraffin such as ethane and propane. This was
because a large amount of hydrogen produced from methane de-
composttion mhubited the olefin production.

Increasing the applied voltage increased the strength of the in-
ternal electric field which produced more energetic electrons, and
promoted the activation of methane molecules mto forming more
C,/C; hydrocarbons, so methane conversion was improved. With
the mcrease of the applied voltage, ethane selectivity was decreased,
and ethylene selectivity increased. On the other hand, the selectiv-
ity of propane was mdependent of the mcrease of the applied volt-
age. Although the ncrease of pulse frequency elevated the density
of the energetic electrons, the selectivities of the products were al-
most unchanged because of the equilibrium between the produc-
tion and decomposition reaction. The increase of methane flow rate
decreased the methane conversion, and the selectivities of the prod-
ucts showed the reverse trend to the case i wiich applied voltage
was increased. At an applied voltage of 10kV, pulse frequency of
1.5 kHz and methane flow rate of 20 ml/mm, the methane conver-
sion n the AL,O, packed bed was lower than that m the blank bed.
However, the ethane selectivity was enhanced by about 3(0%6 to over
90%. Thus fact assured that AL O, played a part m mproving eth-
ane selectivity as a catalyst.

REFERENCES

Bae, Y. K., Jun, J. H. and Yoon, K. I, “Oxidative Coupling of Methane
over Promoted Strontium Chlorapatite]” Korean J. Chem. Eng., 16,
595 (1999).

Caldwell, T. A., Poonphatanaricha, P, Chavadej, S., Mallinson, R. G.
and Lobban, L. L., “Third-Body Enhanced Methane Conversion in
a Dielectric-Barmer Discharge Reactor?” 216#:.4CS National Meet-
ing; Division of Fuel Chemistry, 43, 490 (1998).

Chang, 1. S, Lawless, P. A. and Yamamoto, T., “Corona Discharge Pro-
cesses)’ IEEE Trans. Plasma Sci., 19, 1152 (1991).

Cho, W, Baek, Y., Pang, H. and Kim, Y. C., “A Direct Catalytic Con-
version of Natural Gas to C2+Hydrocarbons by Microwave Plas-
ma’ Korean J. Chem. Eng., 15, 500 (1998).

Fischer, F. and Pichler, H., “Uber die Thermische Zersetzung von Meth-
an)’ Brennst-Chem., 13(20) 381 (1932).

Fraser, M. E., Fee, D. A. and Sheinson, R. S., “Decomposition of Meth-
ane in an AC Discharge]’ Plasma Chem. Plasma Process, 8, 163
(1985).

Holmen, A, Olsvic, O. and Rokstad, O. A. “Pyrolysis of Natural Gas:
Chemistry and Process Concepts)” Fuel Processing Technology, 42,
249 (1995).

Ito, T, Wang, J. X, Lin, C. H. and Lunsford, J. H,, "Oxidative Dimer-
ization of Methane over a Lithium-Promoted Magnesium Oxide
Catalyst)’ J. Am. Chem. Soc., 107, 5062 (1988).

Lee, D. C., Whang, M. H,, “High Voltage Plasma Engineering,” Dong-
il, Seoul (1994).

Lin, C. H, Wang, ]. X. and Lunsford, J. H., “Oxidative Dimerization of
Methane over Sodium-Promoted Calcium Oxide]” J. Catal., 111,
302 (1988).

Liu, C,, Mallinson, R. and Lobban, L., “Nonoxidative Methane Conver-
sionto Acetylene over Zeolite in a Low Temperature Plasma.’ .J.
Catal 179, 326 (1998).

Liu, C., Marafee, A, Hill, B., Xu, G., Mallinson, R. and Lobban, L.,
“Oxidative Coupling of Methane with ac and dc Corona Dis-
charge’ Ind. Eng. Chem. Res., 38, 295 (1996).

Liu, C., Marafee, A., Mallinson, R. and Lobban, L., “Methane Conver-
sion to Higher Hydrocarbons over Metal Oxide Catalysts with OH
Groups, Appl. Catal. A: General, 164,21 (1997).

Marafee, A, Liu, C., Xu, G, Mallinson, R. and Lobban, L., “An Exper-
imental Study on the Oxidative Coupling of Methane in a Direct
Current Corona Discharge Reactor over S/La,Q; Catalyst)” fnd.
Eng. Chem. Res., 36,632 (1997).

Qumghar, A., Legrand, J. C., Diarmy, A. M. and Turillor, N., “Methene
Conversion by an Air Microwave Plasmal” Plasma Chem. Plasma
Process., 5, 87 (1995).

Savinov, S.Y., Lee, H., Song, H. K. and Na, B.K., “A Study on De-
composition of Methane and Carbon Dioxide in a Radio-Frequency
Discharge’ Ind. Eng. Chent. Res., 38(7), 2540 (1999).

Sofranko, J. A., Leonard, J. J. and Jones, C. A., “The Oxidative Conver-
sion of Methane to Higher Hydrocarbon” J. Catal., 103, 302 (1987).

Thanyachotpaiboor, K., Chavadej, S., Caldwell, T. A, Lobban, L. L.
and Mallinson, R. G., “Conversion of Methane to Higher Hydrocar-
bons in AC Nonequilibrium Plasmas)” AICHE J., 44, 2252 (1998).

Wheeler, R. V. and Wood, W. L., “The Pyrolysis of Methane” Fuel, 7,
535 (1928).

Zhang, H. S., Wang, I. X, Driscoll, D.J. and Lunsford, I. H,, “Activa-
tion and Oxidative Dimerization of Methane over Lithium-Pro-
moted Zinc Oxide’ J. Catal., 112, 366 (1988).

Korean J. Chem. Eng.(Vol. 18, No. 2)



