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Abstract—Sinusoidal and pulse waveforms of applied voltage were employed for CO, reforming of CH, to syngas in
an atmospheric dielectric barrier discharge reactor. The discharge power of a pulse waveform was higher than that of
sinusoidal waveform at the same applied voltage. The plasma reaction by a pulse waveform enhanced the conversion of
CO, and CH, and the selectivity of H, and CO. It was confirmed that CO, reforming of CH, can be improved by the
adaption of pulse-type power supply in a dielectric barrier discharge reactor immersed in an electrically insulating oil

bath.

Keywords: Syngas, Dielectric Barrier Discharge, Atmospheric Plasma, Sinusoidal, Pulse

INTRODUCTION

CO, reforming of CH, to syngas has been the subject of great
interest because two greenhouse gases are consumed and several
valuable products can be produced. The products, such as ammo-
nia, methanol, acetic acid, dimethyl ether, synthetic gasoline, and
so on, can be used as the basic materials for other chemical reac-
tions [1]. Recently and traditionally; a catalytic method [2,3], a plasma
method [4-6] and plasma-catalyst method [7,8] have been employed
for the reaction of CO, reforming of CH,.

Reaction with a catalyst is still considered an attractive method,
but the high temperature operation required for this method in-
creases its cost. Also, the continuous formation and deposition of
carbon black on the catalyst surface leads to the deactivation of the
catalyst, which is the main disadvantage of this method [9,10]. As
an effective approach, a plasma or plasma-catalyst method was sug-
gested as a dry method of reforming methane, which could reduce
the deposition of carbon black on the catalyst surface or electrode
[11]. Several plasma systems have been employed for CO, reform-
ing of CH,, such as thermal plasma [4], corona discharge [12,13],
arc discharge [5] and dielectric barrier discharge (DBD) [14-16].
Among the plasma systems, reaction by DBD has produced a rela-
tively low degree of conversion of feed gases and selectivity of prod-
ucts. Therefore, many groups have researched ways to improve the
efficiency of reaction by DBD [17-22]. Several research groups pres-
ented that CO,-CH, reforming could be improved by a pulse-type
power supply [23-27]. However, the previous comparison reports
of waveforms on the reaction have performed without any con-
cerns about energy efficiency, reaction time and reaction tempera-
ture [24-27]. In addition, their DBD reactors were directly exposed
in the air, which could decrease the energy efficiency of wave-
forms [28]. Song et al. [26] reported that the reaction by a DBD
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reactor was enhanced using a pulsed plasma, while the pulse
width was not effective to enhance the conversion of reactants.

In this study, CO, reforming of CH, to syngas was performed
by an atmospheric dielectric barrier discharge reactor immersed in
an electrically insulating oil bath. For comparison of the effects of
waveforms of applied voltage on the reaction, two kinds of wave-
forms, sinusoidal and pulse, were supplied to the plasma reactor
for CO, reforming of CH,. Several parameters, such as reaction
time and applied voltage, were evaluated for the conversion of react-
ants, the selectivity of products, and the energy efficiency for both
waveforms of applied voltage.

EXPERIMENTAL

A schematic diagram of experimental setup is shown in Fig. 1.
The reactor had an inner stainless steel stick as the power electrode
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Fig. 1. Schematic diagram of the experimental setup.



Comparison of different applied voltage waveforms on CO, reforming of CH, in an atmospheric plasma system 63

which was 15mm in diameter. The power electrode was placed
inside a quartz tube as a dielectric barrier. Its outer diameter was
20 mm, and its thickness was 1.5 mm. Therefore, the gap between
the outer surface of the power electrode and the inner surface of
quartz tube was fixed at 1.0 mm. Copper foil was wrapped around
the quartz tube as a ground electrode, and its length was 200 mm.
Thus, the discharge volume was about 10 ml. The coaxial dielectric
barrier discharge reactor was immersed in an electrically insulating
oil bath (transformed oil was provided by Michang Oil, KSC2301).
The bath volume filled with oil was about 4,000 ml, which could
fully cover all of parts of reactor with oil.

The sinusoidal waveform was provided by AC power supply
from Uion Co., while the pulse waveform was provided by AC pulse
power supply from AP Plasma Co. The power supplies had some
common electrical capacities such as a voltage up to 30kV (peak-
to-peak), a supply power of 2 kW, and a fixed frequency of 30 kHz.
The input of the AC pulse power supply (pulse) was controlled by
manual adjustment of the quantity of applied voltage. The power
waveforms were recorded by an oscilloscope (Tektronix 2012B).
Fig. 2 shows typical voltage, current, and discharge power wave-
forms generated during the process operation under the following
process conditions: a total flow rate of 80 ml/min with CH,/CO,=
1/1, an applied voltage of 7kV, and frequency of 30kHz. In the
case of the sinusoidal waveform, the maximum current and deliv-
ered power was about 0.5 A and 500 W (Fig. 2(a)), while in the case
of the pulse waveform, it was 1.5 A and 4,000 W (Fig. 2(b)), respec-
tively. The pulse width was about 5.0 pis. Discharge power is calcu-
lated from the integration of current and voltage (1). Energy con-
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version efficiency (2) and specific energy products (3) are defined
as follows [6]:

Discharge power (P),
P(w):fjoTU(t)I(t)dt (1)

Energy conversion efficiency (ECE),
k
g o)
ECE(m——Ol) = I (2)
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Specific energy (SE),

se(<L)- o5 )

mol/ mol
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All of the experiments were performed at ambient atmospheric
pressure. The volume of gas products was measured by a soap-bub-
ble flow meter. The composition of the products was analyzed by
gas chromatography (GC, Younglin, YL6100GC) equipped with a
thermal conductivity detector (TCD) and a flame ionization detec-
tor (FID) using CarboxenTM 1010 PLOT capillary column and
Ar carrier gas. According to the analysis of the products, the over-
all conversions and selectivity can be defined as follows:

moles of CH, converted (mol)

0 =
Cen (%) moles of CH, introduced (mol)
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Fig. 2. Typical signal of voltage, current, and discharge power. (a) AC power supply and (b) AC pulse power supply with the process condi-
tion of a total flow rate=80 ml/min, a CH,/CO,=1: 1 ratio of feed gases, and an applied voltage=7 kV).
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moles of CO, converted (mol)

%)=
Ceo. (%) moles of CO, introduced (mol)

moles of H, produced (mol)

%)=
S1.(%) 2 moles of CH, converted (mol)

moles of CO produced (mol)
moles of (CH,+CO,) converted (mol)

SCO(%) =

moles of by-products produced (mol)
moles of (CH,+CO,) converted (mol)

Sby-products(%) =
where by-product are hydrocarbons (C.H,, x>2).
RESULTS AND DISCUSSION

1. Effect of Waveform of Applied Voltage on the Discharge Power
and Energy Yield

An applied voltage is usually used to ignite and sustain glow dis-
charge, and the degree of plasma reaction such as the conversion
of feed gases and the selectivity of products depends on the level
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Fig. 3. (a) Comparison of discharge power delivered with different
waveform of applied voltage and (b) the generation of dis-
charge power at an applied voltage of 5kV (total flow rate=
80 ml/min; CH,/CO, in feed=1:1).
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of applied voltage [29]. The effect of applied voltage on the discharge
power is shown in Fig.3(a). The discharge power of sinusoidal
waveform increased from 21 W to 69 W in the range from 5kV
to 8KkV. In the case of the pulse waveform, the discharge power rap-
idly increased from 21 W to 125W in the same applied voltage
range. The results show that the power delivered into the plasma
reaction with a pulse waveform was superior to that with a sinu-
soidal at the same level of applied voltage. The integration of instanta-
neous power was about 21 W at 5kV for both waveforms as seen
in Fig. 3(b). As the applied voltage was increased, the integration
of instantaneous pulse power was higher than that of sinusoidal
power under the same condition when the applied voltage was in
the range from 6 to 8 kV. This indicates that the energy input of
the pulse-type waveform into the discharge zone is higher than that
of sinusoidal-type waveform at an applied voltage over 5 kV.

In the micro-discharge, the current amplitude of pulse wave-
form was higher than that of sinusoidal waveform at the same con-
dition as shown in Fig. 2. In detail, the current amplitude of sinusoidal
waveform was about 0.5 A, while that of pulse waveform of 1.5 A.
The results indicate that the electrical conductivity of plasma gas
in pulse waveform was higher than that of sinusoidal waveform at
the same condition. It means that the density of electrons, ions, ex-
cited species, and radicals in pulse waveform process was higher
than those in sinusoidal waveform process. This reveals that a pulse
waveform could have more chemical activity than a sinusoidal wave-
form at the same plasma condition.

The energy conversion efficiency (ECE) and specific energy (SE)
of the reactors were considered to compare the energy yield of volt-
age waveforms as shown in Fig. 4. The reactions were performed
with variation of the applied voltage and its waveform with fixed
parameters of a total flow rate=80 ml/min and a CH,/CO, ratio=
1/1. ECE and SE have a tendency to increase when applied volt-
age increases from 5 kV to 8 kV regardless of the type of voltage
waveform, showing that the energy efficiency for the reforming
reaction becomes lower as the applied voltage increases. In detail,
about 60% of input power into discharge zone usually uses for the
barrier heating in a dielectric barrier discharge reactor [30,31].

A comparison of the results shows that the ECE and SE of the
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Fig. 4. Energy conversion efficiency (ECE) and specific energy (SE)
(total flow rate=80 ml/min; CH,/CO, in feed=1:1).
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sinusoidal waveform were lower to those of the pulse waveform at
the same condition, which means that energy consumption of sinu-
soidal waveform is lower than that of pulse waveform for the same
reactant conversion or products formation at the same condition.
As well, an applied sinusoidal waveform is more energy efficient
for CO, reforming of CH, for syngas. Thus, the input energy yield
in the discharge of sinusoidal power was higher than that of pulse
power at the same applied voltage. The maximum ECE and SE in
our experiment were obtained at 3,598 kJ/mol and 2,885 kJ/mol,
respectively; in the applied voltage with pulse waveform of 8 kV.

For comparison our system with several systems in dry reform-
ing of methane, an energy efficiency could be considered. Energy
efficiency can be described as the conversion of CH, or CO, per
input power, which is equal to 1/ECE (mmol/k]). The minimum
energy efficiency was 0.281 mmol/k]J at an applied voltage of 8 kV
with pulse waveform. Energy efficiency in our experiment was lower
than those of thermal plasma and plasma jet [32,33]. However, it
was slightly higher or comparable than energy efficiency for CH,
and CO, conversion by several dielectric barrier discharge systems
[15,34,35].

Snoeck et al. [36] indicated that the consumption of energy was
at least 330 MJ for the reaction between 1kmol CH, and 1 kmol
CO, in the industrial scale the dry reforming of methane. The pro-
cess performed most efficient at 700 °C; the conversion of CH, and
CO, was obtained at 72% and 82%, respectively. Therefore, energy
efficiency of the process is 4.667 mmol-kJ . It was 16.6 times com-
pared with the energy efficiency obtained in our experiment at ap-
plied voltage of 8 kV with pulse waveform.

2. Effect of Reaction Time on the Reaction

Reaction time is also an important factor because it has a strong
influences on the degree of plasma reaction and the reactor tem-
perature [23]. The effect of reaction time on the reaction was inves-
tigated under the process condition of a total flow rate of 80 ml/
min, a CH,/CO,=1/1 ratio of feed gases, and an applied voltage of
7kV. Because the reactor was immersed in the oil bath, the reac-
tor temperature can be considered as the oil temperature in this
experiment. The oil temperature was monitored according to the
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Fig. 5. Oil temperature vs. reaction time (total flow rate=80 ml/min;
CH,/CO, in feed=1: 1; applied voltage=7 kV).

reaction time as shown in Fig. 5. During the reaction up to 105 min,
the oil temperature increased regardless of the type of applied wave-
forms. The temperature with the application of sinusoidal wave-
form increased from 21 to 65 °C, while in the case of pulse waveform,
the temperature increased from 21 to 110 °C under the same pro-
cess conditions. These results suggest that the delivered discharge
power with the pulse waveform (113 W) was higher than that with
the sinusoidal waveform (44 W). According to the previous research
results [30,31], the energy for heating a DBD reactor was sourced
from about 60% of discharge power. Therefore, the energy transfer
in the discharge causes the increase of system temperature. Thus,
the amount of available discharge power with the pulse waveform
for heating the reactor system was larger than that with the sinu-
soidal waveform.

The conversion of CH, and CO, and the selectivity of products
were not influenced by the reaction time or the reactor tempera-
ture for both types of waveform as shown in Fig. 6. According to a
previous report [23], the degree of plasma reaction was strongly
influenced by the reactor temperature for CO, reforming of CH,,
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Fig. 6. Effect of reaction time on (a) conversion of CH, and CO,,
(b) selectivity of H,, CO and by-product (total flow rate=80
ml/min; CH,/CO, in feed=1: 1; applied voltage=7 kV).
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Fig. 7. Effect of applied voltage on (a) conversion of CH, and CO,,
(b) selectivity of H,, CO and by-product (total flow rate=80
ml/min; CH,/CO, in feed=1).

when the temperature was higher than 200 °C. Under this experi-
mental condition, because the maximum raising temperature of
oil was about 110°C, which was lower than the influential tem-
perature of over 200 °C, the values of conversion and selectivity
were not significantly changed with the reaction time or the reac-
tor temperature under the given process conditions.
3. Effect of Applied Voltage on the Reaction

The influence of applied voltage on the reaction is shown in Fig.
7. The conversion of CH, and CO, was almost 0% at 4.0kV due
to the unavailability of plasma ignition. Through visual inspection,
we confirmed that the plasma did not ignite below an applied volt-
age of 5kV (21 W). However, the conversion of CH, and CO, was
significant at an applied voltage of 5.0kV with an energy input of
about 21 W for both waveforms. The results indicate that the energy
input to the discharge yields energetic electrons in the range of 1-
10 eV, which is enough to dissociate CO, and CH, molecules with
the dissociation energies of 5.5 and 4.5 eV, respectively [29]. High
energy electrons could be colliding and dissociate reactant mole-
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cules to formation of radicals, ions and products R (1)-R (9) [29,36].

e+CH,—CH;+H+e R (1)
e+CH,—CH,+H,+e R (2)
e+CH,—~CH+H,+H+e R (3)
e+CH,—C+2 H,+e R (4)
e+CH,—CHj+e+e R (5)
e+CO,~CO+0+e R (6)
e+CO—C+0+e R(7)
e+CO,—CO; +e+e R (8)
e+CO,—CO+0O R©9)
CH,+CH,—C,H, R (10)

At an applied voltage of 5kV, the conversions of CH, and CO,
of pulse waveform were the same than that of sinusoidal waveform.
The conversion of CH, and CO, increased with the increase of ap-
plied voltage from 5kV to 8 kV. Electron impact reactions are pri-
mary reactions for conversion of reactants in the non-thermal plasma
for dry reforming [36]. Therefore, the conversions of reactants depend
on the energy of electrons and electron density. Energy of electrons
and electron density increased by increasing discharge power. Con-
sequently, the conversions of reactants increase with increasing
applied voltage for both waveforms. However, the conversions of
reactants in pulse waveform were higher than those in sinusoidal
waveform under the condition of applied voltage above 5kV at the
same plasma condition.

In addition, the conversion of CH, was higher than the conver-
sion of CO, for both powers supplies at an applied voltage above
5kV. The results could be archived from the fact that the energy
of electron impact dissociation for CH, is lower than that for CO,
[35-37]. In detail, more conversion of CH, may be performed by
electron impact dissociate reactions exist of R (1)-R (5). The maxi-
mum conversion levels of CH, and CO, were obtained at 70.0%
and 48.2%, respectively, with the pulse-type waveform at the applied
voltage of 8kV.

The selectivity of H, and CO did not change significantly for
either waveform as shown in Fig. 7(b). The selectivity of H, and
CO showed similar values of around 55%. Whereas, by-product
selectivity decreased with the increased applied voltage for both
waveforms. Selectivity of by-product with the pulse waveform was
similar to by-product selectivity with the sinusoidal waveform at
5kV. By-product including C,Hg molecules could be formed by
recombination of CHj, radicals as shown in reaction R (10). Ion-
ization degree and meta-stables increased at high-applied voltage
due to reducing formation of C,H, by the reaction R (10). More-
over, C,H could be ionized and interacted with CO, formed to
CO and H, stable molecules at high-applied voltage [15]. There-
fore, the selectivity of by-product decreased by applied voltage in-
creased for both waveforms.

CONCLUSION

CO, reforming of CH, to syngas by a coaxial dielectric barrier
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discharge immersed in an electrically insulating oil bath was per-
formed under two kinds of applied voltage: pulse-type and sinu-
soidal-type waveform. The reactor temperature equal to the oil bath
was reached to 110 °C from room temperature after the reaction
time of 105min when the pulse waveform was delivered. How-
ever, the performance of the plasma reaction, in terms of the con-
version of feed gas and product selectivity, did not change signifi-
cantly under the slightly heated condition. The ECE and SE with
sinusoidal waveform were lower than those with pulse waveform
at the same applied voltage. This indicates that a sinusoidal wave-
form is more energy effective for CO, reforming of CH, for syn-
gas. However, the delivered sinusoidal power at the applied voltage
was always lower than the delivered pulse power; thus, the reac-
tant conversion and product selectivity with the pulse waveform
were higher than those with sinusoidal waveform under the same
process conditions.
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