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Abstract

A study of methane conversion from G@forming of methane using dielectric barrier discharge oveyi/,O; catalyst was performed.
The main products of reactions were CO,, i€,Hg, C3Hg, and GHjo. The effects of input power, total flow rate, and £E0, ratio on
conversion and product selectivity were investigated. Carbon dioxide and methane conversions were enhanced with increasing the input power
and decreasing the total flow rate. {iAl ,O; catalyst had a great effect on the CO selectivity and €gversion. When Ni-Al 05 catalyst
was applied to DBD, the CO selectivity increased from 49.17 to 60.9% and@®@ersion increased by about 3%. Even thougtyMil,03
catalyst was helpful to improve the G@onversion and CO selectivity, the fundamental mechanism of reaction and characterization of
catalysts are still unknown and, therefore, further investigations are necessary.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction is necessary to develop a new method for methane conver-
sion. Methane conversion using nonthermal plasma has been

Synthesis gas is a present and increasing source of enwidely studied as a potential tool to resolve these problems
vironmentally clean fuels and chemicals, and is used as a[10-21] Nonthermal plasma such as dielectric barrier dis-
feedstock in many chemical industries to produce hydrogen Charge, corona discharge and pu|Sed discharge could gen-
fuel, methanol, and higher hydrocarbons. Synthesis gas, aerate effective electrons enough to fragmentsGhblecule
mixture of hydrogen and carbon monoxide, can be manu- to form CH radicals that react with additive gases such as
factured from any hydrocarbon feedstock, such as naturalCo, to form products. Therefore, it is an excellent source
gas, coal, petroleum coke, and residual [éf. From the  of energetic electrons, low excited atomic and molecular
availability and flexibility of the resource base, natural gas species, free radicals and excimers and high density with
is one of the most useful resources of feedstock. Methaneenergy of several electron volts. Kozlov et [l0] reported
is the major component of natural gas and a very stable on a methane conversion with carbon dioxide in DBD at
compound that is difficult to activate for reaction. The ox- atmospheric pressure and suggested at least two possibil-
idative coupling of methanf2-5] and the partial oxidation jties to vary the contributions of different chemical path-
of methang6-9] are possible ways to methane conversion. ways of the system. Yao et gll1] studied the oxidative
However, these reactions require extreme reaction condi-coupling and reforming of methane with carbon dioxide us-
tions with high temperatures and pressure and are sufferedng a pulsed plasma and examined the effect of pulse fre-
from a carbon formation, a rapid deactivation of catalyst quency on methane conversion and selectivity. The largest
and carbon deposition on the surface of catalyst. Thus, it C,H, selectivity was 64% with 31% CHconversion and

24% CQ conversion. The energy efficiency of the pulsed
* Corresponding author. plasma was improved using a high pulse frequency and a
E-mail addresshksong@kist.re.kr (H.K. Song). high reaction temperature. Liu et §l.3] analyzed the prod-
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Fig. 1. Experimental setup of dielectric barrier discharge reactor over
catalysts.

uct distribution of plasma methane conversion using DBD.
A series of hydrocarbons, including gaseous hydrocarbons,
liquid fuels, and plasma-polymerized film were main prod-
ucts. Li et al[15] reported an effect of electrode materials on

the co-generation of synthesis gas and higher hydrocarbons

from CO; and CH, using DBD. In the absence of GOthe
order of methane conversion activity was<iAl > Fe >
Cu, while the order of C@ conversion activity was Ak
Cu > Ti > Fe without methane. Kado et 4l7] investi-
gated plasma methane conversion with or without catalyst.
They showed that the selectivity strongly depended on the
composition of the feed gas and NiMgO had the great effect
of increasing CO selectivity to 99%. Liu et §1.8,19] also
conducted plasma catalytic conversion of methane. They
used zeolite X and zeolite A to improve the methane con-
version and product selectivity. This plasma methane con-
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Fig. 2. Typical waveforms of voltage and current (input power 130 W,
total flow rate 30 ml/min, Cll/CO, = 1).

of quartz tube. The feed gas was composed of &it CQ.

version over zeolite has led to a selective production of light The flow rate of feed gas was controlled with mass flow
hydrocarbon. Kraus et a]20] performed the C@reform- controller. A high frequency AC power supply with 10 kV
ing of methane by the combination of catalysts with DBD. and 20kHz (Auto Electric Co., A1831) was connected to
From the results, it was shown that nickel or calcium pro- the DBD reactor to generate plasma. To measure and record
moted nickel catalysts led to an increase in the CO yield of the voltage and current waveform, a digital oscilloscope
20-40%. (Agilent, 54622A) with a high voltage probe (Tektronix,

In this study, methane conversion from gf@forming of 6015A) and a current probe (Pearson, 4997) was used. Typ-
methane using dielectric barrier discharge overyMil,03 ical waveforms of voltage and current during experiments
catalyst was performed. The effects of input power, total flow were shown inFig. 2 There had no noticeable difference
rate, CH/CO, ratio and Nif-Al,03 catalyst on methane in magnitude and waveforms of voltage and current when
conversion and product selectivity were experimentally in- the plasma was generated with/without catalysts. The input
vestigated. power of the DBD reactor was measured by the digital power
meter inserted at the AC power input line. Qualitative and
guantitative analysis of plasma products were carried out
on-line with gas chromatograph. The concentration of hy-
drocarbons and synthesis gas were determined by GC-FID
(Youngin, 600D, Hayesep Q Column), and GC-TCD (Shi-
madzu, GC-14A, Molecular Sieve 5A Column with Porapak

Experimental setup for methane conversion with the di- P+ Q Column), respectively.
electric barrier discharge reactor was showrrig. 1L The
dielectric barrier discharge reactor was made of quartz tube2.2. Catalyst preparation
with an inner diameter of 6 mm, a wall thickness of 1 mm
and a length of 300 mm. The inner electrode was stainless The nickel supporteg-alumina catalyst was prepared by
steel spring with an outer diameter of 4 mm. The outer elec- incipient wetness method with aqueous solution of nitrates
trode was a silver paste, which was coated on the outer wallas metal precursors. The precursor was nickel nitrate six

2. Experiments

2.1. Experimental system
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hydrate (Junsei Chemical Co.). The support wakl,03 Selectivity of GH,

(Strem Chemicals, Inc.), which was calcined at 760in x x moles of GH,, produced
oxygen for 8 h and was crashed into 10/20-mesh size. The =
obtained catalysts were dried overnight in air at 120
and then calcined at 70C in oxygen for 5h to com-
plete the decomposition of intermediates. After this treat-
ment, the catalyst was reduced at 7Q0n hydrogen stream

= x 100
moles of CH, converted

+ moles of CQ converted

moles of K produced

for 2h. Selectivity of b = 2 x moles of CH convertedX 100
In all experiments, the performance of dielectric barrier

discharge reactor was evaluated by conversion, selectivity N moles of CO produced

and yields. The conversion, selectivity, and yield are defined Selectivity of CO= x 100

moles of CH, converted
+ moles of CQ converted

as follows:

. moles of CH, converted
CHj conversion= - 100
4 moles of CH, in feed x

moles of B produced

Yield of Hy = x 100
CO, conversion- moles of CQ converted 2~ "moles of CH in feed
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Fig. 3. Effect of power on the conversion of gland CQ and yield of H and CO.
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3. Results and discussion
3.1. Effect of power

The magnitude of input power is related with the strength
of the internal electric field and the number of effective elec-
trons, which is the most important parameter in the plasma.
To examine the effect of input power on gEonversion and
yield, the input power was changed from 80 to 130 W at the
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fixed frequency of 20 kHz. The total flow rate was 30 ml/min
and the CH/ICO; ratio was 1.Fig. 3 shows the effect of
power on the conversion of GHand CGQ and yields of H

and CO. The conversion of GHand CQ increased from
39.28 and 20.21 to 57.63 and 30.95%, respectively, with the
increasing input power. The increase of input power could
use more energy to dissociate the £&hd CQ molecule

and could generate more energetic electrons, and therefore
the possibility to fragment C—H bond in GHnolecule or
C-0 bond in C@ molecule could be enhanced. The yield of
H> and CO also increased with the increasing input power
from 80 to 130 W. The effect of power on the product selec-
tivity and Ho/CO ratio was represented rable 1 Hy/CO

ratio kept almost constant with the increasing input power.
This indicated that BYCO ratio was not greatly affected by
input power. The selectivity of light hydrocarbon, CO ang H
decreased continuously when the input power was increased
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H.K. Song et al./Catalysis Today 89 (2004) 27-33

31

from 80 to 130 W. From above results, it was shown that Table 1

the increase of the input power was helpful to destroy CH
and CQ molecule, however it was not converted to other
hydrocarbons or syngas.

3.2. Effect of total flow rate

The effect of total flow rate, which was related to the
residence time of Cldin the reactor, was investigated. Ex-
periments were performed with varying the total flow rate
from 10 to 40 ml/min. The input power was 130 W at the
frequency of 20 kHz and the GHCO;, ratio was 1.Fig. 4
shows the effect of total flow rate on the conversion of
CH4 and CQ and yield of B and CO. Both the conver-
sion of CH; and CQ and yield of B and CO decreased
rapidly with the increasing input power. The increase of to-

80

Effect of input power on product selectivities an@d/80O ratio (without
catalyst)

Power (W) H/CO ratio Selectivities (%)

CO cC2 C3 C4 Carbon sum H
80 1.30 54.64 13.44 6.23 3.90 78.21 53.78
100 1.34 50.53 11.50 5.88 3.89 71.80 51.81
120 1.34 50.94 10.27 5.66 3.36 70.23 52.42
130 1.35 49.17 9.70 553 2.99 67.39 51.04

tal flow rate reduced the residence time of JH the reac-

tor, which resulted in reducing the chance of Qfolecule

to collide with electrons that had enough energy to destroy
carbon—hydrogen bond. Product selectivity anddO ratio
was represented ifiable 2 Ho/CO ratio increased slightly
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Fig. 5. Effect of CH/CO; ratio on the conversion of CHand CQ and yield of B and CO.
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Table 2 3.4. Effect of Niy-Al,O3 catalyst

Effect of flow rate on selectivities and,HCO ratio (without catalyst)

Flow rate Hp/CO  Selectivities (%) The effect of 5wt.% Nij-Al,O3 catalyst on the conver-

(mimin) —ratio ‘o577 c3 c4 Carbon Ha sion and product selectivity was investigated. Catalysts were
sum packed in the bottom of plasma region. The packing amount

10 1.01 73.83 484 298 158 8323 6595 Ofcatalystwas1g.Toexamine the effect of support material,

20 1.11 60.83 7.79 459 239 7560 5550 experiments using DBD with-Al,O3 were also performed.

30 1.35 49.17 970 553 299 6739 5104 The total flow rate was 30 ml/min, with GHCO, ratio of

40 1.32 51.26 1253 653 3.18 7350 5176

1. The input power and frequency were kept at 130 W and
20kHz, respectively. Comparisons of methane conversion

) ) ) and product selectivities using DBD with/without catalysts
from 1.01 to 1.32 with the increasing total flow rate. The \yere shown inFig. 6. Wheny-Al,0O3 was packed in the

selectivity of H and CO highly decreased when the flow ppp reactor, CH conversion was decreased from 57.63 to
rate was increased from 10 to 40 ml/min, while the selectiv- 50.26%, but C@ conversion and the selectivity of COgC

ity of light hydrocarbons increased and especially,l§-  and ¢ hydrocarbon were not changed significantly. The se-
drocarbons selectivity increased considerably from 4.84 to lectivity of C, and H in Al,03 was improved slightly com-

12.53%. pared to that in the DBD reactor. When 5 wt.% NI 203
was packed in the reactor, the selectivity ofC4 hydrocar-
3.3. Effect of CH/CO; ratio bons was increased slightly and CO selectivity was highly

enhanced from 49.17 to 60.9%. The &£@onversion in-

Under plasma states, atomic oxygen generated by thecreased from 30.95 to 33.48%. Similar results were reported
dissociation of carbon dioxide was helpful to destroy by Kado et al[17]. They showed that the DC pulse plasma
carbon—-hydrogen bond. Experiments were carried outwith NiMgO catalyst led to an increase of CO selectivity
with varying the CH/CO, ratio from 1 to 4. Total flow
rate was 30 ml/min. The input power and frequency were
130W and 20kHz, respectively. The effect of gBO, 70
ratio on the conversion of CHand CQ and yield of m plasma only
H, and CO was shown irFig. 5. The CH; conversion 60 1 > plasma + Al,O,
decreased rapidly from 64 to 40.4% with the increasing mmm plasma + 5wt% Ni/AlO,
CH4/CQO;, ratio, but the CQ conversion decreased slightly.
The vyield of K increased from 25.82 to 33.81%, while
the yield of CO highly decreased from 30.08 to 7.32%
when CH/CO; ratio increased from 1 to 4lable 3shows
the effect of CH/CO, ratio on the hydrocarbon selectiv-
ity and H/CO. The selectivity was strongly dependent on
CH4/CO, ratio. The selectivity of @-C; hydrocarbons
increased significantly andoChydrocarbon selectivity in-
creased from 5.24 to 17.98% with the increase of4CH 0 ‘
content. The CW/CO; ratio had a great influence onplCO CH
ratio. Hp/CO ratio was changed from 0.86 to 4.62 with
the increasing CHHCO, ratio. From these results, it was 80
found that CH content of feed gas determined,/80
ratio and the higher CiHcontents produced more>SCy - B plasma only
hydrocarbons. = plasma+ Al,0,
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Table 3

Effect of CHy/CO; ratio on selectivities and #ACO ratio (without catalyst) 401

CHy/  HoICO  Selectivities (%)

CO, ratio co c2 c3 Cc4 Carbon H: 20 1
sum

5 0.86 7385 524 290 145 83.44 62.36
1.35 4917 971 553 299 67.40 51.04
2.36 3221 13.0 769 433 57.23 50.71 M ¥
3.41 2547 1601 941 572 5661  54.14 2 co ¢ cs3 C4
4.62 1950 17.98 1021 6.21 53.90 53.01

Selectivities (%)

B WN PO

Fig. 6. Comparison of the performance of DBD reactor.
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Table 4
Effect of nickel contents
Loading Conversion (%) H/CO ratio Selectivities (%)
i 0,
weight (%) CHa co, co c2 c3 ca Carbon sum H
2 55.44 32.7 1.06 60.6 9.83 5.90 3.21 79.54 52.25
5 55.71 33.48 1.04 60.9 10.12 5.85 3.15 80.02 51.92
7 55.47 32.61 1.03 63.87 10.6 6.09 3.56 84.12 53.48
10 55.15 32.66 1.06 61.37 10.63 6.20 3.42 81.62 52.98
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