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The spark-discharge plasma, generated between tubular and rotary-disc electrodes
using a sine-wave high voltage with 5 kHz frequency, was explored for CO2 reforming
of CH4. Based upon the investigation on the effects of specific energy input and CO2/
CH4 ratio, the energy costs (EC) and fuel-production efficiencies (g) at various CO2/
CH4 ratios (r) in the same conversion range were compared and accordingly their
sequences were given: ECCH4

(r ¼ 0.5) and ECCO2
(r ¼ 3) are the lowest; g(r ¼ 0.5)

is the highest. Compared with other nonthermal discharge techniques, the kilohertz
spark discharge exhibits low EC and high fuel-production efficiency, especially at
high total-carbon conversions. Preliminary investigation on partial oxidation and CO2

mixed reforming at (O2 þ CO2)/CH4 ¼ 0.5 exhibited high H2/CO ratio (nearly 2)
and low total-carbon EC (0.59–0.96 MJ/mol, 58–77% of total-carbon conversion,
and O2/(CO2 þ O2) ¼ 0.8). VVC 2010 American Institute of Chemical Engineers AIChE J, 57:

2854–2860, 2011

Keywords: carbon dioxide, reforming, methane, plasma, spark discharge

Introduction

The reaction of carbon dioxide reforming (CDR) of meth-
ane to produce synthesis gas (syngas) has currently attracted
considerable interests for natural gas and biomethane conver-
sions and for environmental control.1 However, there exist
some major drawbacks for the catalytic CDR reaction: the
high temperature required and the rapid deactivation due to
coke and sulfur poisoning. A desirable alternative is the use
of nonthermal plasma, in which the collision of energetic
electrons with gas molecules can produce radicals to induce
chemical reactions, resulting in very high methane conver-
sion at relatively low temperature in comparison with the
conventional catalytic process.

CDR of methane via nonthermal plasmas has been exten-
sively studied by using various discharge techniques, such as

corona/spark discharge,2–6 microwave discharge,7 dielectric
barrier discharge (DBD),8–14 and gliding arc discharge.15

Generally, gliding arc discharge showed lower energy cost
(EC) than corona discharge, microwave discharge, or
DBD.16 However, the conversions of CO2 and CH4 in glid-
ing arc discharges are relatively low. For practical applica-
tions, low EC at high reactant conversions should be
required. Additionally, to meet the demand of methanol syn-
thesis from syngas with high H2/CO ratio up to 2, CO2/CH4

ratio less than 1 in feed is required. However, the low CO2/
CH4 ratio results in the rapid deterioration in the discharge
derived from carbonaceous deposition.17 In our previous
work,18 using a tubular high-voltage electrode and a rotary-
disc ground electrode, the deterioration problem in the dis-
charge was solved successfully and stable kilohertz spark
discharges in pure CH4 were achieved. Moreover, high con-
version of methane and low EC for converting CH4 were
reported in the kilohertz spark-discharge plasma. Therefore,
the kilohertz spark-discharge plasma was explored for CDR
of CH4 in this work. EC and fuel-production efficiency vs.
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total-carbon conversion were particularly investigated and
compared with those in other nonthermal discharges. Prelim-
inary investigation was also made for partial oxidation
(POX) and CO2 mixed reforming in this plasma.

Experimental

The spark discharge reactor consisted of a rotary stainless-
steel disc (30 mm of diameter and 3 mm of thickness) as the
ground electrode and a stainless steel tube (1-mm internal di-
ameter � 2-mm external diameter) as the high-voltage elec-
trode.18 The gap distance between the two electrodes was 6
mm. The two electrodes were placed in a quartz tube (100-
mm internal diameter � 100-mm height). The reactor was
cooled with water at the top and bottom covers of the quartz
tube. A thermocouple lies at the center of the reactor to
monitor the reactor temperature. The feed gas was intro-
duced into the reactor from the tubular electrode. The power
supply source can provide a sine-wave high voltage with a
frequency of 5 kHz. The voltage and current waveforms
were measured with an oscilloscope (TDS2024B, Tektronix)
via a voltage probe (P6015A, Tektronix) and a sampling re-
sistor (10 X), respectively.18 The total input power was
measured using a wattmeter in the primary side of the trans-
former.

Methane (99.99%) and carbon dioxide (99.99%), con-
trolled by mass flow controllers (Sevenstar Electronics,
China), were used as the feed gas to the reactor. All experi-
ments were performed at atmospheric pressure. N2

(99.999%) was used as an internal standard for analysis and
introduced into the effluent gas from the plasma reactor to
avoid conversion of N2 in the plasma.19,20 The effluent gas
flowed through an ice-water-cold trap and then was sampled
for online analysis. The first gas chromatograph (Agilent
1790 T), equipped with a thermal conductivity detector
(TCD) using H2 as the carrier gas, was used to detect N2,
CO, CH4, and CO2 with a TDX-01 column (2-mm I. D. �
1.5-m length). For POX and CO2 mixed reforming experi-
ments, a 5A molecular sieve column (2-mm I. D. � 1-m
length) was added to detect N2, O2, and CH4 using the first
gas chromatograph. Hydrocarbon products and hydrogen
were on-line analyzed by the second gas chromatograph
(Agilent 6890 N), equipped with a flame ionization detector
and TCD using N2 as the carrier gas with a Porapak-N
column (2-mm I. D. � 3-m length) and a carbon
molecular sieve of 601 column (2-mm I. D. � 1-m length),
respectively.

The conversions of CH4 (XCH4
), CO2 (XCH2

), O2 (XO2
), and

total carbon (XTC) and the selectivities of CO (SCO) and
hydrocarbons (SCHxHy

) were evaluated using the internal
standard analyzing method. In terms of the flow rate of N2

(FN4
) used as internal standard and the molar concentration

of N2 (C
out
N2) in the effluent gas given by the first gas chroma-

tograph, the total effluent gas flow rate (Fout) can be
expressed by the following equation

Fout ¼ FN2

.
Cout
N2

(E1)

Then XCH4
, XCO2

, XO2
, and XTC were calculated from the

following equations

XCH4
¼ 1� Fout � Cout

CH4

.
Fin
CH4

(E2)

XCO2
¼ 1� Fout � Cout

CO2

.
Fin
CO2

(E3)

XO2
¼ 1� Fout � Cout

O2

.
Fin
O2

(E4)

XTC ¼ ðFin
CH4

� XCH4
þ Fin

CO2
� XCO2

Þ
.
ðFin

CH4
þ Fin

CO2
Þ (E5)

where Fin
CH4, F

out
CH4, F

in
CO2, F

out
CO2, F

in
O2, and Fout

O2 represent the
flow rates of CH4, CO2, and O2 at the inlet and outlet of the
reactor, respectively; Cout

CH4, C
out
CO2, and Cout

O2 , given by the first
gas chromatograph, represent the molar concentrations of
CH4, CO2, and O2 in the effluent gas, respectively.

The selectivities of CO (SCO) and hydrocarbons (SCxHy
)

were calculated from the following equations

SCO ¼ Fout � Cout
CO

.
ðFin

CH4
� XCH4

þ Fin
CO2

� XCO2
Þ (E6)

SCxHy
¼ x � Fout � Cout

CxHy

.
ðFin

CH4
� XCH4

þ Fin
CO2

� XCO2
Þ (E7)

Here, x and y represent carbon-atom number and hydro-
gen-atom number in a molecule of hydrocarbon product,
respectively. Cout

CO and Cout
CxHy, given by the first and second

gas chromatograph, represent the molar concentrations of
CO and hydrocarbons in the effluent gas, respectively. Car-
bon balance (BC) was defined as the following equation

BC ¼ Fout � ðx � Cout
CxHy

þ Cout
CH4

þ Cout
CO2

þ Cout
COÞ

.
ðFin

CH4
þ Fin

CO2
Þ

(E8)

Hydrogen selectivity (SH2
) was calculated from the follow-

ing equation

SH2
¼ 0:5 � Fout � Cout

H2

.
ðFin

CH4
� XCH4

Þ (E9)

Here, Cout
H2 , given by the second gas chromatograph using

the external standard analyzing method, represents the molar
concentration of H2 in the effluent gas. H2O selectivity
(SH2O

) based upon hydrogen atoms was calculated from E10

SH2O ¼ 0:5 � FH2O

.
ðFin

CH4
� XCH4

Þ (E10)

where FH2O
was calculated from E11 assuming the total

amount of O atoms in CO2 converted is equal to that in CO
and H2O produced.

FH2O ¼ 2Fin
CO2

� XCO2
� Fout � Cout

CO (E11)

The specific energy input (SEI, kJ/dm3) in this work was
defined as the total input power (Pinput, W) divided by the
total flow rate (FCH4

in þ FCO2

in , standard cubic centimeters per
minute, SCCM).

SEI ¼ 60 � Pinput

.
ðFin

CH4
þ Fin

CO2
Þ (E12)
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The ECs (MJ/mol) for converting total carbon (ECTC),
methane (ECCH4

), and carbon dioxide (ECCO2
) were calcu-

lated as follows

ECTC ¼ 1:344 � Pinput

.
ðFin

CO2
� XCO2

þ Fin
CH4

� XCH4
Þ (E13)

ECCH4
¼ 1:344 � Pinput

.
ðFin

CH4
� XCH4

Þ (E14)

ECCO2
¼ 1:344 � Pinput

.
ðFin

CO2
� XCO2

Þ (E15)

The fuel-production efficiency was defined as the follow-
ing equation according to Ref. 21

g ¼ Fout � ðCout
CxHy

� LHVCxHy
þ Cout

CO � HVCO þ Cout
H2

� LHVH2
Þ

.
ðPinput þ Fin

CH4
� XCH4

� LHVCH4
Þ ðE16Þ

where LHV is the lower heating value of a fuel, excluding the
heat given by condensing the water vapor.

Results and Discussion

Effect of SEI

Figure 1 shows effects of SEI on conversions, H2/CO ra-
tio, selectivities, and carbon balance at 150 SCCM of total
flow rate and CO2/CH4 ¼ 0.5. Increasing SEI from 12 to 20
kJ/dm3, the conversions of CH4, CO2, and total carbon
increased from 48%, 36%, and 44% to 60%, 50%, and 57%,
respectively (Figure 1a). This demonstrates that SEI has a
powerful and positive effect on CH4, CO2, and total-carbon
conversions. Additionally, H2/CO ratio decreased slightly
from 2.3 to 1.9 with the increase of SEI (Figure 1a). Accord-
ing to the CDR reaction (R1)

CO2 þ CH4 ! 2COþ 2H2 (R1)

the H2/CO ratio should be equal to 1. Why H2/CO ratio at
CO2/CH4 ¼ 0.5 was more than 1.8? The reason is that methane
dehydrogenated-coupling reaction (R2) simultaneously oc-
curred especially in the presence of excess methane.

CH4 ! 1=2C2H2 þ 3=2H2 (R2)

In the case of CO2/CH4 ¼ 0.5, C2H2 selectivities reached
48–42% at 44–57% of total-carbon conversions. Moreover,
H2 and CO selectivities attained 61–68% and 38–53%,
respectively. This implies that product selectivities are
weakly affected by SEI. The sum of selectivities to other
carbon-containing products (including C2H6, C2H4, and
C3AC6 hydrocarbons) were 3–8%. Carbon balance closely
approached 100%.

Effect of CO2/CH4 ratio

CO2/CH4 ratio has an intense effect on the reaction of CDR
with methane. As shown in Figure 2a, with increasing CO2/
CH4 ratio from 0.5 to 4, methane conversion increased monot-
onically from 59% to 82%, whereas CO2 conversion increased
to the maximum (55%) at CO2/CH4 ¼ 1.5 and then turned to
decrease. For a plasma reaction, increasing concentration of a
reactant generally lowers conversion of the reactant, such as

the variation of methane conversion vs. CO2/CH4 ratio in this
case. According to the general rule, CO2 conversion should
decrease with the increase in CO2/CH4 ratio. But, why did the
variation of CO2 conversion not follow this rule in the range
of CO2/CH4 \ 1.5? The answer can be found in the evolution
of R1 in competition with R2. In the range of CO2/CH4 \
1.5, with increasing CO2/CH4 ratio, R1 became more and
more predominant over R2. Consequently, CO2 conversion
gradually increased with CO2/CH4 ratio and finally reached the
maximum. The variation of C2H2 selectivity, as shown in Fig-
ure 2b, can reflect the evolution of the two competitive reac-
tions with CO2/CH4 ratio. For example, C2H2 selectivity was
42% at CO2/CH4 ¼ 0.5 and decreased to 9% at CO2/CH4 ¼
1.5. When CO2/CH4 ratio increased to more than 1.5, R2 was
negligible and CO2 conversion varied with CO2/CH4 ratio by
the general rule. The profile of total-carbon conversion vs.
CO2/CH4 ratio is similar to that of CO2 conversion. At CO2/
CH4 ¼ 1.5 and SEI ¼ 18 kJ/dm3, the total-carbon conversion
reached a maximum of 59%.

From Figure 2a, it can be easily seen that CH4 conver-
sions are always higher than CO2 conversions over a whole
range of CO2/CH4 ratio. The density functional theory study
confirmed that the dissociation of CH4 and CO2 is the main
obstacle.22 Therefore, it can be explained from the point of

Figure 1. Effect of SEI on (a) conversions of CH4, CO2,
and total carbon and H2/CO ratio, and (b) selec-
tivities of H2, CO, and C2H2 and carbon balance
(total flow rate5 150 SCCM, CO2/CH4 5 0.5).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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view of bond energy. The O¼¼CO bond energy in CO2 mole-
cule is 532 kJ/mol larger than CH3AH bond energy (439 kJ/
mol) in CH4 molecule. Additionally, at high CO2/CH4 ratios,
the reaction of CO2 to CO conversion was counteracted by
R3,23 R4,24 and R525

COþOH! CO2 þH kðT¼300KÞ ¼ 1:25� 10�13cm3=s (R3)

Oð1DÞ þ CO ! CO2 k ¼ 8:0� 10�11cm3=s (R4)

COþ OþM ! CO2 þM kðT¼300KÞ
¼ 1:11� 10�35½M� � 2:7� 10�16cm3=s ðR5Þ

where [M] � 2.4 � 1019 molecule per centimeter. The ground-
state O(3P) atom, metastable O(1D) atom, and OH radical were
produced via reactions 6, 7,23 and 826

eþ CO2 ! COþ Oð3P;1 DÞ þ e k ¼ f ðTeÞ (R6)

CH4 þ O ! CH3 þ OH kðT¼300KÞ ¼ 5:54� 10�18cm3=s

(R7)

CH4 þ Oð1DÞ ! CH3 þ OH kðT¼300KÞ ¼ 1:35� 10�10cm3=s

(R8)

The CO2/CH4 ratio exerted a stronger effect on H2/CO
ratio and H2 selectivity than SEI did (Figures 1 and 2). For
example, H2/CO ratios at CO2/CH4 ¼ 0.5 and 2 were 1.8

Figure 2. Effect of CO2/CH4 ratio on (a) conversions of
CH4, CO2, and total carbon and H2/CO ratio,
and (b) selectivities of H2, CO, and C2H2 and
carbon balance (total flow rate 5 150 SCCM,
SEI 5 18 kJ/dm3).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 3. (a) ECCH4
, (b) ECCO2

, and (c) fuel-production
efficiency vs. conversions at various CO2/CH4

ratio (total flow rate 5 150 SCCM).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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and 0.4, respectively. H2 selectivities at CO2/CH4 ¼ 1 and 4
were 68% and 20%, respectively (Figure 2b). The decrease
in H2 selectivity with the CO2/CH4 ratio can be attributed to
the reaction of H2 with CO2 (R9)

CO2 þ H2 ! COþ H2O (R9)

R9 occurs to produce H2O. H2O selectivity was 13% at CO2/
CH4 ¼ 1 and increased to 71% at CO2/CH4 ¼ 4 (not shown in
Figure 2b). This confirms that more and more H2O is produced

with the increase in CO2/CH4 ratio. In the range of CO2/CH4 ¼
0.5–4, 98–99% of carbon balance was obtained.

EC and fuel-production efficiency

The EC for converting CH4 and CO2 molecules and fuel-
production efficiency, as defined in Eqs. 11–14, appear to be
good indicators to quantify plasma reforming systems, but
their experimental results among different conditions or
plasma processes can only be compared in the same range of
reactant conversion.18,27 As a result, EC and fuel-production
efficiency as functions of CH4, CO2, and total-carbon con-
versions at various CO2/CH4 ratios are illustrated in Figures
3a, b, respectively. At the same CO2/CH4 ratio, EC increased
and fuel-production efficiency decreased with reactant con-
version. In the same range of CH4 or CO2 conversions, the
ECs at various CO2/CH4 ratios (designated as r) can be
grouped in the following order (except for r ¼ 4)

ECCH4
ðr ¼ 0:5Þ\ ECCH4

ðr ¼ 1Þ\ ECCH4
ðr ¼ 1:5Þ

\ ECCH4
ðr ¼ 2Þ\ ECCH4

ðr ¼ 3Þ
ECCO2

ðr ¼ 0:5Þ >> ECCO2
ðr ¼ 1Þ

> ECCO2
ðr ¼ 1:5Þ > ECCO2

ðr ¼ 2Þ > ECCO2
ðr ¼ 3Þ

In the presence of a large excess of CO2 (r[ 3), the coun-
teraction derived from R3 to R5 became very strong, thereby
the amount of CO2 conversion considerably decreased at the
same SEI. Accordingly, the ECs for converting CO2 turned to
be high especially at high CO2 conversion, e.g., at[50% CO2

conversion, ECCO2
(r ¼ 4) [ ECCO2

(r ¼ 1.5) [ ECCO2
(r ¼

2)[ ECCO2
(r ¼ 3). But, for converting CH4, the ECs at r ¼

4 were close to those at r ¼ 3.
The sequence of fuel-production efficiency at various

CO2/CH4 ratios is as follows

gðr ¼ 0:5Þ > gðr ¼ 1Þ > gðr ¼ 1:5Þ > gðr ¼ 2Þ > gðr ¼ 3Þ
> gðr ¼ 4Þ

For practical applications of plasma reforming reaction,
low EC and high fuel-production efficiency should be
required at high reactant conversions. Accordingly, suitable
CO2/CH4 ratios for plasma reforming processes should be
selected in the range of 0.5–1.

To make a direct comparison, EC and fuel-production effi-
ciency for typical nonthermal plasma reforming processes4,9,10,28

were calculated according to Eqs. 11 and 14 and mapped to-
gether with those of this work in Figure 4. The corresponding
experimental conditions are summarized in Table 1. It is worth
noting that because of the intense effects of CO2/CH4 ratio as
mentioned above, all experimental data presented in Figure 4
were selected at CO2/CH4 ¼ 1. The kilohertz spark discharge in
this work exhibited low EC and high fuel-production efficiency,

Figure 4. Maps of (a) energy cost and (b) fuel-produc-
tion efficiency for typical nonthermal plasma
reforming processes.

The conditions are listed in Table 1. [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]

Table 1. Conditions of Typical Nonthermal Plasma Reforming Processes

Discharge Corona AC DBD Pulsed DBD Gliding Arc Spark

CO2/CH4 1 1 1 1 1
Feed flow rate (SCCM) 60 500 30 1000 150
SEI (kJ/dm3) 45 24 148 11 24
Reference 4 9 10 28 This work
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especially at high total-carbon conversion ([50%). EC and fuel-
production efficiency in gliding arc discharges24 are close to
those in this work, but its total-carbon conversion is lower than
that of this work. This efficient performance of the kilohertz

spark discharge for the reforming reaction may be contributed to
its moderate quench speed not only to restrain the transition to
arc but also to keep relatively high plasma density for speeding
up the reforming reaction rate.

POX and CO2 mixed reforming

As mentioned above (Figure 3), among all the CO2/CH4

ratios, the ratio of CO2/CH4 ¼ 0.5 gave the highest fuel-pro-
duction efficiency, but its EC (ECTC) was relatively high. To
lower its EC, POX and CO2 mixed reforming were investi-
gated at a fixed ratio of (O2 þ CO2)/CH4 ¼ 0.5. As shown in
Figure 5a, the CH4, total-carbon, and O2 conversions increased
with O2/(CO2 þ O2) ratio. The CO2 conversion decreased rap-
idly when O2/(CO2 þ O2) ratio increased from 0.6 to 0.8.
With the increase of O2/(CO2 þ O2) ratio, the amounts of
CH4 and O2 converted increased, but that of CO2 converted
decreased (Figure 5b). This means, with increasing O2/(CO2 þ
O2) ratio, POX reaction became more and more dominant over
CDR reaction (R1). Figure 5c shows an apparent increase in
CO selectivity because of POX and CO2 mixed reforming. H2/
CO ratio was in the range of 1.8–1.9, slightly decreasing with
O2/(CO2 þ O2) ratio. The reactor temperature slightly
increased with O2/(CO2 þ O2) ratio. At O2/(CO2 þ O2) ¼
0.8, the reactor temperature rose to 337 K.

Figure 6 shows curves of EC vs. total-carbon conversion at
O2/(CO2 þ O2) ¼ 0, 0.4, and 0.8. As expected, POX and CO2

mixed reforming did result in lowering EC. ECs for converting
total carbon at (O2 þ CO2)/CH4 ¼ 0.5 and various O2/(CO2 þ
O2) ratios were found to be: 0.61–0.79 MJ/mol (O2/(CO2 þ
O2) ¼ 0, XTC ¼ 44–57%), 0.69–0.90 MJ/mol (O2/(CO2 þ O2)
¼ 0.4, XTC ¼ 54–65%), and 0.59–0.96 MJ/mol (O2/(CO2 þ
O2) ¼ 0.8, XTC ¼ 58–77%). It implies that EC can be further
lowered by optimizing POX and CO2 mixed reforming.

Conclusions

The kilohertz spark discharge was explored for CDR of
CH4. SEI has a powerful and positive effect on CH4, CO2,

Figure 5. Effect of the O2/(CO2 1 O2) ratio on (a) CH4,
CO2, total carbon, and O2 conversions and
H2/CO ratio, (b) CH4, CO2, and O2 converted,
and (c) H2, CO, and C2H2 selectivities.

Conditions: total flow rate ¼ 150 SCCM, (O2 þ CO2)/CH4¼ 0.5, SEI ¼ 20 kJ/dm3. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Energy cost vs. total-carbon conversion at
various O2/(CO2 1 O2) ratios.

Conditions: total flow rate ¼ 150 SCCM, (O2 þ CO2)/CH4 ¼
0.5. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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and total-carbon conversions and a weak effect on product
selectivities. Increasing CO2/CH4 ratio, methane conversion
increased monotonically, whereas CO2 conversion increased
to the maximum and then turned to decrease.

In the same conversion range, the ECs and fuel-production
efficiencies (g) at various CO2/CH4 ratios can be grouped in
the following order

ECCH4
ðr ¼ 0:5Þ\ ECCH4

ðr ¼ 1Þ\ ECCH4
ðr ¼ 1:5Þ

\ ECCH4
ðr ¼ 2Þ\ ECCH4

ðr ¼ 3Þ
ECCO2

ðr ¼ 0:5Þ >> ECCO2
ðr ¼ 1Þ > ECCO2

ðr ¼ 1:5Þ
> ECCO2

ðr ¼ 2Þ > ECCO2
ðr ¼ 3Þ

gðr ¼ 0:5Þ > gðr ¼ 1Þ > gðr ¼ 1:5Þ
> gðr ¼ 2Þ > gðr ¼ 3Þ > gðr ¼ 4Þ

Compared with gliding arc and corona discharges and
DBD, the kilohertz spark discharge exhibits low EC and
high fuel-production efficiency, especially at high total-car-
bon conversion.

Preliminary investigation on POX and CO2 mixed reform-
ing at (O2 þ CO2)/CH4 ¼ 0.5 exhibited high H2/CO ratio
(nearly 2) and low EC: ECTC ¼ 0.59–0.96 MJ/mol (O2/(CO2

þ O2) ¼ 0.8, XTC ¼ 58–77%).
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