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bstract

Conversion of carbon dioxide (CO2) using gliding arc plasma was performed. The research was done to investigate the effect of variation of total
as flow rates and addition of auxiliary gases – N2, O2, air, water – to the CO2 conversion process. This system shows higher power efficiency than

ther nonthermal plasma methods. Experiment results indicate the conversion of CO2 reaches 18% at total gas flow rate of 0.8 L/min and produces
O and O2 as the main gaseous products. Among auxiliary gases, only N2 gives positive effect on CO2 conversion and the power efficiency at N2

oncentration of 95% and total gas flow rate of 2 L/min increases about three times compared to pure CO2 process.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Gliding arc plasma can be easily characterized by the pres-
nce of the flame between the discharge gap of two metal
lectrodes. This flame is created as an effect of arcs movement
n the surface of electrodes (sliding) caused by high velocity of
enetrated gas. It has received attention from many scientists for
he application in chemical reactions, such as pollutant decom-
osition, etc. [1]. Although gliding arc plasma is classified as
old plasma, some characteristics of thermal (hot temperature)
lasma exist. Song et al. mentioned the plasma-combustion pro-
ess as simultaneously occurring in gliding arc plasma process
2]. This characteristic is one advantage of decomposing toxic
nd dangerous gases that usually have strong bond or chemical
tructure, such as CO2.

CO2 is a well-known source of green house gas that con-
ributes to the climate change [3]. Concerning this situation,

yoto protocol obliges industrialized countries to cut their
reenhouse gases emissions by an average 5.2% between 2008
nd 2012. Currently, around 2 × 1015 g per annum of CO2 is
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f Science and Technology, P.O. Box 131, Cheongryang, Seoul 130-650, South
orea. Tel.: +82 10 2296 3748.

E-mail address: indarto antonius@yahoo.com (A. Indarto).

m
e
fl
v
b
e
c
g

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.12.023
eing released to the atmosphere from many sources. This situ-
tion indicates a clear need to find effective methods to reduce
O2 emissions. The industrial sector has been suspected as the
ain contributor on emitting CO2 to the ambient air [4,5]. Ther-
odynamic calculation shows that the chemical bond of CO2

egins to crack at 1500 ◦C and it will be completely broken at
emperature >5000 ◦C. It means high energy has to be supplied
o the system to achieve the required process temperature.

In recent years, some studies were carried out on plasma-
ssisted methods for direct conversion of CO2, such as radio
requency (RF) plasma [6], corona [7,8], dielectric barrier dis-
harge (DBD) [9], glow discharge [10,11], and thermal plasma
12]. Although in their papers, the authors claimed high con-
ersion rate has been achieved, the energy efficiency of these
rocesses was relatively low. Except for thermal plasma, their
roposed systems can only handle small flow rates.

In this study, gliding arc plasma, as one of the advanced
ethods which is believed can produce numerous amounts of

nergetic radical species and capable to treat high emission
ows, was applied to decompose CO2. Compared to the pre-
ious plasma methods, gliding arc plasma has a great chance to

e utilized for industrial chemical reactions [13]. In our previous
xperiments, methane conversion [14,15] and decomposition of
hloromethane [16–19] has been done successfully using the
liding arc plasma. Plasma-combustion process produces high
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Fig. 1. Schematic diag

lasma flame temperature and can be an advantage for destruc-
ing toxic and hazardous compounds.

. Experimental setup

The schematic diagram of the experimental setup is shown in
ig. 1. CO2 was used as the main input gas with purity of 99%
nd controlled by a mass flow rate controller (Tylan, FC-280S).
he total flow rates were varied from 0.85 to 2 L/min. Some
uxiliary gases, e.g. O2, N2, air, were also injected to study their
ffects on the CO2 conversion and reactions. The flow rate was
lso controlled by the same specification of mass flow controller.
o produce water vapor, some portions of CO2 were injected to

he water body and the amount of produced water vapor was
ontrolled by maintaining the temperature and pressure of the
hamber. The composition of the outlet mixture was analyzed
efore and after plasma reaction. Before analysis by gas chro-
atography (GC), the flow rate of gas sample was measured
rst by a bubble flow meter. The fluctuation of flow rate, which
as caused by compression and expansion of gas volume due

o reactions, was measured by a wet test meter (Ritter-German,
L capacity).

The reactor was made from a quartz-glass tube that has inner
iameter of 45 mm and length of 250 mm. The upper part of reac-
or was covered with a Teflon seal and two 150 mm in length of
riangle electrodes made from stainless steel stuck on it. The

eparation of electrodes in the narrowest gap was only 1 mm.
he gas mixture was introduced between the electrodes by a
apillary tube with inner diameter of 0.3 mm. A high frequency
C power supply (Auto electric, A1831) was connected to the

P

l

f experimental setup.

liding arc electrodes. The maximum voltage was 10 kV and cur-
ent was 100 mA. Fig. 2 shows the waveform pattern of voltage
nd current used in this study. It shows that there was a wave-
orm transformation before and after plasma turned on. At the
teady-state plasma condition after breakdown point, the volt-
ge got lower than the adjusted original voltage. On the other
and, the current value increased and higher than that before
reakdown. This phenomenon was caused by arcs production in
he plasma, which typically occurred at low voltages and high
urrents condition.

The concentration of CO2, CO, and O2 in the gas mixture
efore and after the reaction was determined by GC (YoungLin
600D, Column: SK Carbon, thermal conductivity detector).

o evaluate the performance of the process, CO2 conversion
nd products selectivity were calculated and defined as:

onversion of CO2 (%) = converted CO2

initial CO2
× 100 (1)

electivity of CO (%) = CO formed

2 × converted CO2
× 100 (2)

electivity of O2 (%) = O2 formed

converted CO2
× 100 (3)

Power efficiency terminology was used as the way to measure
he system efficiency and calculated as:
ower efficiency = total converted CO2

supplied power
(4)

The supplied power was calculated by integration calcu-
ation of voltage and current wave captured by oscilloscope
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Agilent 54641A).

upplied power =
∫

(V (t) × I(t)) dt × frequency (5)

. Result and discussion

.1. Effect of gas flow rate of pure CO2 stream
The effect of various gas flow rates, related to the resi-
ence time of CO2 molecule in the reactor, was examined.
ig. 3(a) shows the CO2 conversion difference affected by flow

p
C
r
o

ig. 3. Effects of total gas flow rate on (a) CO2 conversion, (b) product selectivity, a
nd fixed frequency of 20 kHz.
d current waveform.

ates change at the frequency of 20 kHz. As the total flow
ates increase, the conversion of CO2 tends to decrease. Higher
ow rates reduce the residence time of CO2 molecule in the
eactor and also reduce the opportunity and time of CO2 to col-
ide with electrons and other high-energy state species. Those
pecies, especially electron, have enough energy to destroy the
arbon oxygen bond [20].

Fig. 3(b) shows the selectivity of CO and O2 as the main

roducts of the plasma reaction in gliding arc. The selectivity of
O reaches about 30% and O2 reaches about 35%. However, the

atio calculation of oxygen-atom in the outlet and input stream
f this experiment is close to (1). This result supports our previ-

nd (c) power efficiency. The experiment was conducted at pure CO2 condition
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us statement that CO and O2 were found as the main products.
t is a good experimental result because O2 is more valuable and
seful gas compared to CO2 and CO can be mixed with H2 to
orm synthesis gas. Although CO is also categorized as toxic
as, CO molecule is more reactive than CO2 and makes a higher
ossibility to be converted into another higher valuable prod-
ct.By reaction with electron, the initiation of plasma reaction
ould be separated into two kinds of reactions [20]: (i) direct
eaction which produced CO and O2,

O2 + e → CO + O + e (6)

O2 + e → C+ + O2 + 2e (7)

nd (ii) intermediate reaction which produced high energetic
ntermediate species and ions. Our kinetic simulation shows that
, O2

+, and CO+ have an important role to govern the way of
eactions [21]. Instead of direct reaction e with CO2, O2 could
e produced by reactions of those radical species and ions via
3,

+ O3 + M → 2O2 + M (8)

+ O3 → 2O2 (9)

r recombinant process,

+
2 + CO2 + e → CO2 + O2 (10)

O+ has significant role in production of CO by,

O+ + O → CO + O+ (11)

O+ + CO2 → CO + CO+
2 (12)

However, although the CO2 conversion decreases with
ncreasing total gas flow rates, the efficiency of power has
ncreased (Fig. 3(c)). It means more CO2 molecules have been
onverted in higher gas flow rates rather than in lower ones. The
ower efficiency will increase 6.4% per 100 mL increment of
as flow rates. In this process, the supplied power to the reactor
as around 218 W at gas flow rate of 0.85 L and rises 2.48 W per
00 mL increment of gas flow rate. Increasing supplied power
s caused by higher breakdown power to produce arcs in higher
as flow rates. This phenomenon has been investigated before
22].

.2. Effects of auxiliary gases

The effects of air, O2, and N2 on CO2 conversion have been
tudied also. Fig. 4 shows the curve trend of CO2 conversion,
O selectivity, and power efficiency at a total gas flow rate of
L/min and a frequency of 20 kHz. As shown in Fig. 4(a), higher
O2 conversion was found when N2 existed in the input stream.
he conversion rises as the concentration of N2 increases. The

ncreasing rate at 95% volume of N2 reaches about 2.5 times
igher than that at only CO2 injection. The effect of N2 in the

rocess has been studied before and it shows that at higher con-
entration, N2 molecules have higher possibility to contribute in
he reaction mechanism by excitation of N2 molecules [23]. The
xcitation of N2 into higher vibrational level and meta-stable

e

a

C

s Materials 146 (2007) 309–315

tate (N2(A) and N2(a′)) will help to increase the conversion of
O2.

Interesting result was found when O2 was diluted in the input
tream. Although O2 is a well-known oxidant gas that is very
fficient to decompose toxic compounds in combustion process,
ig. 4 shows that the CO2 conversion is below the conversion
f pure CO2. In the plasma reaction, the existence of exited O2
oth in neutral or ion state will govern some reverse reactions
f C to CO2:

+ (O2)∗→ CO2 (13)

+ (O2
−)∗→ CO2 + e (14)

+ (O2
+)∗ + e → CO2 (15)

r from CO by exited single O or radical (O•)

O + O∗→ CO2 (16)

Although it is believed that O2 has some excitation meta-
table levels [24], the potential energy is relatively small to be
ransferred, only 0.98 eV from a1�g and 1.63 eV from b1∑

g
+

o the ground state [25]. In case of photoionization process, O2
equires more power to transfer into higher energy level com-
ared to CO2. The bond energy comparison also shows that O2
s more difficult to be cracked than CO2. Those will effect on
he reducing number of ion and active species in the plasma sys-
em. Decreasing conversion of target material, which is caused
y existing of O2 in the plasma process, was also found in
hloromethane decomposition [26].

Using atmospheric air as the auxiliary gas mixture, CO2 con-
ersion curve is close to the O2 results. The effect of some
xisting impurities can be negligible because the concentration
s in trace level. It can be said that the plasma reaction process
ill be a mixed combination of N2 and O2 process. When it is

ompared with pure CO2 conversion, the overall conversion is
ower. It shows that, although the conversion of CO2 can increase
ecause of N2, the existing of exited oxygen species give dom-
nant effect by reverse CO2 production reaction in the plasma
rocess. A report suggests that O2 molecules increased the con-
ersion of CO2 in few concentrations [27], but unfortunately,
e could not afford those ranges in this experiment.
Fig. 4(b) shows the effect of auxiliary gas contents on the

roduction of CO at total flow rate of 2 L/min. The conversion
f CO2 to CO reaches 35%. The existence of O from O2 can
elp to increase the selectivity of CO when it collides with C by
25]:

+ O2 → O+ + O + 2e (dissociative ionization) (17)

+ O2 → O− + O (dissociative attachement) (18)

+ O2
• → •O− + O+ + e (dissociative attachement) (19)

• •
+ O2 → 2O + e (dissociation) (20)

nd

+ 〈O〉 → CO (21)
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ig. 4. Effects of auxiliary gases on (a) CO2 conversion, (b) CO production, an
nd frequency of 20 kHz.

···〉 means that it can be in active states: excited neutral/ion or
adical.

On the other hand, nitrogen species in any forms and energy
evels can reduce the probability of C to be CO. Nitrogen has a
ossibility to react with single O or double O atom and converts
nto NO, N2O, and NO2 [28], although in the analysis results
he selectivity of those compounds was relatively low.

The existence N2 in the system increased the efficiency of the
rocess of CO2 conversion also. At N2: CO2 = 95:5, the power
fficiency increased about 3.2 times compared to the pure CO2
rocess. Instead of increasing the CO2 conversion, N2 gives a
ignificant effect on reducing the consumed power of plasma. At
igh concentrations of N2 (>75%), the rate of power reduction
eaches about 5.5 W for every 5% concentration increment of N2
n the input stream. Air and O2 show the opposite experimental
esult. The efficiency decreases when those compounds exist in
he plasma process.

.3. Effects of water vapor
The possibility to produce some gaseous fuel products such as
2 and CH4 by CO2 and H2O reaction, which is still challenging

29] has been tested by addition of water vapor. Fig. 5(a) shows

a
c

t

power efficiency. The experiment was conducted at fixed flow rate of 2 L/min

he addition of water vapor in the input stream, without another
uxiliary gas, decreased the conversion of CO2 in all ranges
f experiments. In our observation, moisture water made the
liding plasmas unstable and the instability increased with the
ncreasing water vapor concentration. This could be the reason
hy the conversion decreased. Generally, the conversion was

ess than 10%.
In order to increase the conversion rate, N2 was added in

he system. By addition of N2, the conversion increases and
igher than the conversion at pure CO2 injection. The highest
onversion is occurred at H2O:CO2:N2 = 0.05:0.055:0.94, or at
he highest concentration of N2 and the lowest concentration
f H2O. When this result is compared to Fig. 4(a), although the
oncentration of N2 is little bit different, it can be concluded that
educing conversion which is caused by water is more dominant
n the plasma reaction. For example, at 95% of N2 concentration
n Fig. 4(a), the conversion reaches 35% while in Fig. 5(a), at
imilar condition, the conversion is only 29%. In gliding arc
lasma, the physical characteristic of water might be similar to

tmospheric air. When N2 is changed with air (Fig. 5(a)), the
onversion value is almost same.

The possibility of H2O conversion into H2 was also inves-
igated. The mixing ratio was exactly similar to the previous
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ig. 5. Effects of water vapor on (a) CO2 conversion, (b) H2 production, and (c
requency of 20 kHz.

ystem where N2 was used as the second auxiliary gas. Without
2, the conversion of water was small and H2 product could not
e detected well in our GC system. Fig. 5(b) shows the selectiv-
ty of H2. Unfortunately, the selectivity is not exceeding 6% in
ll ranges of experiment.

Instability of plasma caused by water vapor has reduced
he process efficiency (Fig. 5(c)). The lowest power efficiency
ccurred at the highest concentration of water vapor. How-
ver, by adding another auxiliary gas such as N2, it will
elp the process efficiency and can be higher that pure CO2
onversion.

.4. Comparison with other plasma systems

In order to check the performance of gliding arc plasma, some
ther references of nonthermal plasmas have been compared.

ig. 6 shows power efficiency of this experiment is signifi-
antly higher than when it is conducted by corona discharge
5]. Although the conversion percentage is relatively same com-
ared to the DBD discharge, this system can handle higher input
ow rate (∼40× higher) [30].

4

a

ig. 6. Power efficiency comparison among nonthermal plasmas [10,30,31].
. Conclusion

The performance of CO2 decomposition in gliding arc plasma
t atmospheric pressure was studied. Some additional gases
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hich is only 15–18%. The plasma reaction produces CO and
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