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a b s t r a c t

A non-thermal plasma rector with a catalytic electrode made of sintered metal fibres (SMFs) was tested for
the oxidative decomposition of a model VOC toluene. The input energy was varied in the range 160–295 J/l
ccepted 2 April 2010
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by varying the applied voltage between 12.5 and 22.5 kV at 200 Hz. Influence of various parameters like
toluene concentration, SMF modification by Mn and Co oxides, input energy and ozone formation was
studied. It has been observed that plasma catalytic approach is very effective for total oxidation of toluene
at low input energy, especially at toluene concentration ≤250 ppm and SMF modification by transition
metal oxides increased the performance of the reactor significantly. MnOx modification appears to be a
better choice compared to CoOx, which may be attributed to the in situ decomposition of ozone leading

react
zone to the formation of more

. Introduction

The emission of volatile organic compounds (VOCs) by various
ndustrial and automobile sources into the atmosphere is a concern
s many of VOCs are carcinogens and harmful to living organisms
1]. For the abatement of dilute VOCs (<1000 ppm), conventional
echniques like adsorption, thermal, and thermocatalytic oxidation
re not suitable, mainly due to high-energy consumption [1–3].
mong the alternatives, non-thermal plasma (NTP) generated at
tmospheric pressure appears to be the energy saving approach.
on-thermal plasma chemical processing of hazardous air pollu-

ants (HAPs) has been extensively investigated [1–6], and it has
een demonstrated as an efficient technique for the decomposing
lefinic HAPs. NTP is a combination of energetic electrons, radicals,
ons and excited species as well as radiation. In NTP, the electrical
nergy is primarily used for the production of energetic elec-
rons without heating the flue gas. In dielectric barrier discharge
DBD) the presence of dielectric distributes the microdischarges
hroughout the discharge volume. These microdischarges initiate
he chemical reactions in the gas phase through electron impact
issociation and ionization of the carrier gas [7–9]. However, NTP
batement of VOCs shows low selectivity (0.3–0.5) to total oxida-

ion (CO2 and H2O) and may result in the formation of undesired
nd sometimes toxic by-products [3,10]. In order to improve the
fficiency of NTP, often catalyst is combined with plasma technique
3–10]. In catalytic plasma technique, a synergy between plasma

∗ Corresponding author. Fax: +91 40 2301 6032.
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ive oxidants like atomic oxygen.
© 2010 Elsevier B.V. All rights reserved.

excitation and catalysis has been observed mainly when the cata-
lyst is placed in discharge. During the present study, NTP generated
by DBD has been used for the abatement of a model VOC toluene,
wherein the inner electrode is either a conventional metallic rod
or transitional metal oxides modified sintered metal fibre (SMF).
Influence of various parameters like VOC concentration, SMF mod-
ification and input energy has been studied.

2. Experimental

A detailed description of the reactor has been given elsewhere
[11–13]. The dielectric discharge was generated in a cylindrical
quartz tube with an inner diameter of 18.5 mm. The silver paste
painted on the outer surface of the quartz tube acts as the outer
electrode, whereas a sintered metal fibre (SMF) filter was used
as the inner electrode. The SMF was modified with 3 wt% of Mn
and Co oxides via impregnation of aqueous metal nitrate solutions
followed by calcination at 773 K for 4 h. The gas flow rate was main-
tained at 500 ml/min (STP), whereas the concentration of toluene
was varied between 100 and 1000 ppm. The specific input energy
(SIE) in the range of 160–295 J/l was applied by varying the AC high
voltage (12.5–22.5 kV) at a frequency of 200 Hz. The V–Q Lissajous
method was used to determine the discharge power (W) in the
plasma reactor, whereas, the SIE of the discharge was calculated
using the relation

power (W)

SIE (J/l) =

gas flow rate (l/s)

VOC concentration at the outlet of the reactor was measured
with an online gas chromatograph (Shimadzu 14 B) equipped with
a flame ionization detector and a SP-5 capillary column. The dis-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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dx.doi.org/10.1016/j.cej.2010.04.011


6 Engineering Journal 160 (2010) 677–682

c
O
t
i
c
c
v
i
t
C
g
c
b

S

S

S

3

3
t

t
i
t
d
n
o
u
o
T
r
c
w
I
t
v
t
t
m
p

p
u
D
o
b
s
a
C
w
S
S
t
t
a
C
v

78 Ch. Subrahmanyam et al. / Chemical

harge length was 10 cm and the discharge gap was around 3.5 mm.
ne end of the SMF electrode was connected to AC high voltage

hrough a copper rod, whereas the other end was connected to the
nlet gas stream through a Teflon tube. The gas after passing the dis-
harge zone diffuses through the SMF and was analyzed with a gas
hromatograph at the outlet. Conversion of toluene at each applied
oltage was measured after 30 min. In a similar way, ozone formed
n the plasma reactor was measured at 30 min with an UV absorp-
ion ozone monitor (API-450 NEMA). The formation of CO2 and
O was simultaneously monitored with a pre calibrated infrared
as analyzer (Siemens Ultramat 22). As the volume changes due to
hemical reactions are negligible, selectivity of CO2 and COx may
e defined as

CO(%) = [CO]
7.([VOC]0 − [VOC])

CO2 (%) = [CO2]
7.([VOC]0 − [VOC])

COx = SCO + SCO2

. Results and discussion

.1. Performance of DBD rector during the decomposition of
oluene

As mentioned in the introduction, NTP technique is expected
o be advantageous when the VOC concentration ≤1000 ppm as it
s difficult to maintain adiabatic conditions under dilute concen-
rations. The activity of the designed reactor was earlier reported
uring the destruction of 250 ppm of selected VOCs of different
atures, including toluene. During the present study, concentration
f toluene has been changed between 100 and 1000 ppm in order to
nderstand the influence of VOC concentration on the performance
f the reactor. Fig. 1 presents the conversion of 1000 ppm of toluene.
he applied voltage was varied between 12.5 and 22.5 kV that cor-
esponds to SIE of 160–295 J/l, respectively. As seen from Fig. 1,
onversion of toluene increases with increasing the input energy
ith all the electrodes including the conventional Cu electrode.

nteresting observation is that the SMF electrode showed nearly
he same conversion as that of the conventional Cu electrode. Con-
ersion over all the catalysts increased from 40% at 12.5 kV (165 J/l)
o 90% at 22.5 kV (295 J/l). Also, as seen from Fig. 1 SMF modifica-
ion with transition metal oxides has not shown any influence. This

ay be due to the quick deactivation of the catalyst by polymeric
roducts formed in the reaction.

During the oxidative decomposition of toluene, the desired
roducts are CO2 and H2O. However, in general NTP may lead to
ndesired products and hence the selectivity to CO2 is not 100%.
uring the present study, no other hydrocarbon except toluene was
bserved at the outlet, hence COx selectivity also represents the car-
on balance. Fig. 1b presents the selectivity to COx (CO + CO2). As
een from Fig. 1b, the selectivity to COx was poor with all catalysts
nd was never close to 100%. The Cu and SMF electrodes showed
Ox selectivity of 60 and 90% at 160 and 295 J/l, respectively. Hence,
ith 1000 ppm of toluene, in the SIE range of the present study, the

MF catalytic electrodes showed poor carbon balance. However,
MF modification with CoOx and MnOx results in higher COx selec-

ivity. Fig. 1b also presents the CO2 selectivity. As seen from Fig. 1b,
he selectivity to CO2 was not impressive on all the catalysts. SMF
nd Cu electrode showed around 30% selectivity at 295 J/l, whereas,
oOx and MnOx modified SMF electrodes showed slightly higher
alue of 40%.
Fig. 1. (a) Influence of SMF modification and SIE on the conversion of toluene (SIE:
160–295 J/l and 1000 ppm of toluene). (b) Influence of SMF modification and SIE on
selectivity to COx and CO2 (SIE: 160–295 J/l and 1000 ppm of toluene).

As seen earlier during the destruction of 1000 ppm of toluene,
conversion, carbon balance and selectivity to CO2 were not 100%
with all the catalysts, which may be due to high concentration
of toluene. In order to understand the influence of VOC concen-
tration, toluene concentration has been varied. Fig. 2 presents the
performance of the catalytic DBD rector for destruction of 500 ppm
of toluene. As seen from Fig. 2a, with decreasing concentration of
toluene from 1000 to 500 ppm, conversion increases. Also, as seen
from Fig. 2a SMF modification with CoOx and MnOx showed higher
conversion than unmodified SMF, whereas, at 1000 ppm, all the
electrodes showed same activity. Hence, the absence of the cat-
alytic effect at 1000 ppm may be due to the quick deactivation of
the catalyst, whereas at lower concentration, the catalysts appear
to be active. For 500 of toluene, the activity of the studied catalysts
followed the trend MnOx/SMF > CoOx/SMF > Cu ≥ SMF.

Fig. 2b presents the carbon balance during the decomposition off
500 ppm of toluene. The carbon balance increases with increasing
the SIE with all the electrodes. At 160 J/l, all the electrodes showed
the same carbon balance ∼65%. With increasing SIE, CoOx and
MnOx modified electrodes showed better selectivity than unmod-

ified systems. As seen from the figure, CoOx/SMF showed carbon
balance close to 100% at SIE 295 J/l, whereas at the same SIE for
Cu and SMF the value is only 90%. It is also worth mentioning that
for 1000 ppm, metal oxide modification did not increase the car-
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Fig. 2. (a) Influence of SMF modification and SIE on the conversion of toluene (SIE:
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showed remarkable activity during the destruction of 100 ppm of
60–295 J/l and 500 ppm of toluene). (b) Influence of SMF modification and SIE on
electivity to COx and CO2(SIE: 160–295 J/l and 500 ppm of toluene).

on balance, whereas with decreasing concentration by two times,
olymeric deposits were reduced significantly. A similar observa-
ion has been also made from the CO2 selectivity profile given in
ig. 2b. As seen from Fig. 2b, Cu and SMF showed poor CO2 selec-
ivity of 10% at 160 J/l that increased to 40% at SIE 295 J/l, whereas
nder the same conditions, CoOx and MnOx showed CO2 selectivity
lose to 50%.

Fig. 3a and b presents the influence of the applied voltage on
he conversion of 250 ppm of toluene. SMF catalyst at 160 J/l shows
onversions close to 60% that increases to 100% at 265 J/l. A similar
ehavior was also observed with CoOx and MnOx/SMF electrodes,
here ∼100% conversion of toluene was observed at 235 J/l. As

een from Fig. 3b, for 250 ppm of toluene COx selectivity ∼100%
as achieved only at 265 J/l, whereas under the same conditions,

or 500 and 1000 ppm of toluene, CO2 selectivity was <90%. Hence,
uring the destruction of 250 ppm of toluene, SIE close to 265 J/l

s required in order to avoid carbon deposit. Fig. 3b also repre-
ents CO2 selectivity, where with increasing SIE, the CO2 selectivity
lso increases for the catalytic electrodes. MnOx/SMF, at 160 J/l the
aximum selectivity to CO2 was around 30% which reached 65% at
95 J/l. A similar trend was observed with other catalytic electrodes.
ence at lower VOC concentrations, SMF modification by MnOx and
oOx showed improved performance towards total oxidation.
Fig. 3. (a) Influence of SMF modification and SIE on the conversion of toluene (SIE:
160–295 J/l and 250 ppm of toluene). (b) Influence of SMF modification and SIE on
selectivity to COx and CO2(SIE: 160–295 J/l and 250 ppm of toluene).

In order to ensure the influence of VOC concentration, conver-
sion of 100 ppm of toluene was followed in the same SIE range
and the results are presented in Fig. 4. As seen from Fig. 4 with SMF
electrode conversion reaches∼100% at 20 kV (265 J/l). Interestingly,
with CoOx and MnOx/SMF catalytic electrodes, ∼100% conversion
of toluene was achieved even at 17.5 kV that corresponds to SIE of
235 J/l.

Fig. 4b represents the selectivity to COx during destruction of
100 ppm of toluene. Selectivity to COx also increases with increas-
ing voltage and reaches 100% (no carbon deposit) on all catalysts
when SIE more than 235 J/l. Fig. 4b represents the selectivity to
CO2 for various catalysts during destruction of 100 ppm of toluene.
As seen from Fig. 4b, SMF showed only ∼50% selectivity to CO2 at
295 J/l, whereas MnOx/SMF shows better performance, where the
selectivity to CO2 was ∼80% even at 235 J/l (17.5 kV). It is worth
mentioning that with MnOx/SMF catalyst, at 17.5 kV, the conver-
sion was ∼100% (Fig. 4a) and there was no polymeric carbon deposit
(Fig. 4b). Hence, the DBD reactor with catalytic SMF electrode
toluene.
As the time scales of the reactions taking place in plasma are very

small, decrease in the performance is often observed over a period
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ig. 4. (a) Influence of SMF modification and SIE on the conversion of toluene (SIE:
60–295 J/l and 100 ppm of toluene). (b) Influence of SMF modification and SIE on
electivity to COx and CO2(SIE: 160–295 J/l and 100 ppm of toluene).

f time, hence long-term performance of the DBD reactor is much
arranted. Fig. 5 presents the performance of the DBD reactor over
period of time at a constant SIE of 235 J/l during the destruction
f 1000 ppm of toluene. As seen from the figure, all the catalytic
lectrodes maintain the same activity throughout the course of the
eaction. A similar behavior was observed at different concentra-
ions. This confirms the long-term stability of the electrodes during
he destruction of VOC.

.2. Discussion

As seen from the data presented above, the NTP reactor with cat-
lytic electrodes show better performance compared to the plasma
eactor using conventional Cu or SMF electrode. Modification of
MF by MnOx and CoOx increased the product selectivity towards
otal oxidation (CO2 and H2O). The better performance of CoOx

nd MnOx/ SMF may be due to the formation of atomic oxygen
y “in situ” decomposition of ozone on the surface of the catalytic
lectrode [11–17]. Various attempts were reported earlier com-
ining catalyst with plasma, often referred as ‘hybrid reactors’.

hese hybrid reactors may be classified either as in-plasma or post-
lasma catalytic reactor, also referred as one-stage and two-stage
lasma reactors. This hybrid plasma-catalysis has been extensively

nvestigated and it has been established that the performance of
Fig. 5. Conversion of 1000 ppm of toluene as a function of time at 235 J/l.

NTP technique for removal of VOCs can be improved significantly
by the addition of catalyst [1,7–12,16–24]. Advantages of using
plasma-catalysis systems over NTP include increase in conversion
of VOC at low input energy, higher selectivity to total oxidation
and decrease in undesired by-products. A synergistic effect has also
been reported during catalytic plasma technique, especially when
the catalyst was placed in the discharge zone [11–13]. Another
advantage is that the VOCs can be decomposed at ambient tem-
peratures, where in general, the catalyst will not be active. The
main oxidizing species formed by NTP when produced in air is
ozone, even though other oxidizing species like hydroxyl radicals
and ultraviolet light were reported [13]. Influence of ozone has
been reported in two ways: either during direct interaction with
the VOCs or may lead to the formation atomic oxygen on the cata-
lyst surface. The former process increases the conversion, whereas
the latter process may increase the CO2 selectivity.

In-plasma catalytic rector, where the catalyst is placed in the dis-
charge zone shows better performance over post-plasma catalytic
treatment, probably due to a better reaction condition like ready
availability of other short-lived oxidizing species and ozone. Syn-
ergy was thought to be limited to when the catalyst is placed inside
the discharge region. In one-stage configuration, the synergistic
effect may be due to the increase in concentration of short-lived
excited species on the surface of the catalyst and the effect of pho-
tons and electrons generated in the plasma. It was earlier shown
that the presence of ultraviolet light also increases the efficiency
of the NTP reactor [13]. In addition plasma catalytic systems have
been shown to follow zero-order kinetics during VOC decompo-
sition, indicating the importance of surface reactions, hence this
configuration is expected to show promising results [23]. How-
ever, the main disadvantage with this configuration is the faster
deactivation of the catalyst as a result of the carbonaceous deposit.

A higher performance of the NTP technique has also been
reported when the catalyst was placed down stream to discharge
zone in post-plasma reactor. This seems to be due to the oxidiz-
ing properties of long-lived species mainly ozone and oxides of
nitrogen. Other short-lived oxidizing species such as oxygen radical
anion On

−1 and activated O2* cannot reach the catalyst surface in
downstream configuration [12]. In order to utilize them effectively,

a high flow rate of the gas should be maintained. But maintaining
a high flow rate leads to solid deposits on the catalyst surface [12].

The reactor studied in the present case is a modified single
stage reactor, where the catalyst component was integrated on SMF
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packed with photocatalyst for gas-phase benzene decomposition, Catalysis
Fig. 6. Influence of SMF modification on the formation of ozone.

lectrode. The specific advantage, as seen from the data presented
bove, is the high selectivity to total oxidation at any SIE as opposed
o nearly the same conversion. Direct catalytic oxidation of VOCs

ay be neglected due to the low quantity of the catalyst (3 wt%) and
lso the time scales of plasma activation of VOCs and direct catalytic
ction are different. In order to understand the role of the ozone,
ts concentration with and without SMF modification was studied.
here is no direct correlation between the amount of O3 formed and
he observed conversion of VOC during its oxidation by plasma. The
ecomposition of VOC in the NTP reaction is due to the dissocia-
ion under electron impact and also due to the reaction of organic
pecies with ozone and other oxidizing species formed in plasma.
t is known that reaction between ozone and toluene in the gas
hase is very slow (1.2 × 10−20 cm3 mol−1 s−1) [22] compared to the
eaction of toluene with atomic oxygen (5.7 × 10−12 cm3 mol−1 s−1)
ndicating that without catalyst ozone may not show any gas
hase reactivity with toluene [22]. As reported recently, in one-
tage configuration, electron-induced processes, surface discharges
nd short-lived radicals are potential active species as opposed
o long-lived species like ozone and oxides of nitrogen in a two-
tage configuration. Although decomposition of ozone to oxygen
s a thermodynamically favored process, temperature higher than
73 K is required. At lower temperatures, a catalyst is necessary
or ozone decomposition, producing active species on the catalyst
urface that may induce secondary oxidation reactions [23]. Due to
ts long lifetime ozone is of importance in both one and two-stage
lasma systems. In the two-stage configuration, ozone may still be
resent in significant concentrations and partial oxidation of the
OCs may take place with ozone in the gas phase. It is believed

hat the conversion of VOCs is mainly due to ozone acting either
irectly or indirectly via adsorption or decomposition on catalyst
urfaces, leading to the formation of strongly oxidizing species,
uch as atomic oxygen [23]. To understand the role of ozone, its
oncentration was measured in the present study.

In the absence of toluene, with increasing SIE, ozone formation
ncreases and reaches to a maximum of 1100 ppm at 195 J/l and
eaches zero at 295 J/l. The decrease in the ozone formation with
ncrease in SIE may be due to the formation of other reactive species
ike nitrogen oxides destroying ozone [21]. At the same time, the
ncrease of the in situ temperature of the bulk gas in the plasma
eactor at high SIE also cannot be ruled out as ozone is not thermally
table above 373 K. As seen from Fig. 6, in the presence of toluene,

t 195 J/l, ozone formation decreased to 800 ppm, which was fur-
her decreased to 500 ppm when SMF was modified with MnOx

nd CoOx. From the data presented above, a higher performance
f the plasma reactor was achieved with the MnOx/SMF catalytic

[

[
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electrode. SMF modification by metal oxide mainly resulted in high
selectivity rather conversion. This may be due to in situ decompo-
sition of ozone leading to the formation of reactive oxygen species
(atoms) on the catalyst surface. These reactive oxygen species are
the possible oxidants in this reaction. Similar observation was made
earlier during the destruction of benzene when MnO2 catalyst was
placed in the plasma reactor [22].

4. Conclusions

A catalytic plasma reactor with the inner electrode made of
sintered metal fibre was designed and tested for the oxidative
decomposition of toluene. It has been observed that modification
of SMF with transition metal oxides not only increased the con-
version of toluene at low consumption of VOC, but also increased
the total oxidation selectivity. Better results were obtained at low
concentration of VOC, especially for 100 ppm of toluene.
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