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Abstract

Laboratory-scale experiments were performed to evaluate the efficiency of toluene decomposition by using a wire-plate dielectric barrier discharge
(DBD) reactor with manganese oxide/alumina/nickel foam catalyst in the discharge area at room temperature and atmospheric pressure. The effects
of oxygen content and gas flow rate were investigated. Under the optimal oxygen content and gas flow rate conditions, the combination effect
of DBD and catalyst was observed, and the catalyst before/after discharge was structurally characterized by X-ray diffraction (XRD), scanning
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lectron microscopy (SEM), and Fourier transform-infrared spectroscopy (FT-IR). It has been found that combining DBD with cataly
ould improve the toluene removal efficiency, increase carbon dioxide selectivity and suppress byproducts formation. Whether the cata
r not, the major products were carbon dioxide and carbon monoxide when oxygen was enough. The characterization of the catalys

hat DBD enhanced the dispersion of the active species, increased the stability as well as the activity of the catalyst, and strengthenedn
apability of the catalyst, therefore the removal of toluene was promoted.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Control of volatile organic compounds (VOCs) in the atmo-
phere is a major environmental problem. Toluene is one of the
ypical VOCs. For industrial application, toluene is primarily
sed in manufacturing paints, paint thinners, fingernail pol-

sh, lacquers, adhesives, rubber, and some printing and leather
anning processes. Non-thermal plasma (NTP) has been investi-
ated intensively in many countries for the abatement of VOCs.

t suggested that the plasma method had some advantages when
ompared with the traditional catalytic ways. DBD is a com-
on method to create NTP in which electrical energy is used

o create electrons with average kinetic energy (1–10 eV). Vari-
us articles on VOCs decomposition via DBD processing have
een reported. Yamamoto and co-workers investigated differ-
nt VOCs using barrier type packed-bed plasma reactors[1–3].
hassin et al. discussed the feasibility of improving the overall
erformance of the catalytic methane oxidation by applying a

∗ Corresponding author. Tel.: +86 20 87111279; fax: +86 20 87111279.
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DBD [4]. Rudolph et al. studied the concentration depend
of VOC decomposition by DBDs[5]. Lee and Chang succeed
in oxidative conversion of various VOCs (such asp-xylene,
acetaldehyde) with DBDs[6,7]. Cal and Schluep reported th
near complete benzene (>99%) was destructed effective
DBD reactors[8].

On the other hand, NTP alone has many disadvantages
as low energy efficiencies, poor selectivity to carbon diox
and byproduct formation. A new attempt to overcome th
limitations is the combination of the NTP method with ca
ysis [9–12]. Under certain conditions, a better performa
could simply be achieved by a catalytic post-treatment o
NTP effluent in a two-stage process (e.g.[13–17]). In the two-
stage process, the main roles of NTP are partial conversi
reactants and formation of ozone. Ozone produced in the
reactor can enhance the decomposition of VOCs over the
sequent catalyst bed. But for many cases, this solution i
very effective. Real synergy effects between NTP and cata
could be available by introducing the catalyst into the disch
zone. Some researchers applied packed-bed dielectric b
discharge to combine plasma and catalyst[18–22]. Although
it has been found that packed-bed dielectric barrier disch
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.09.013
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reactor is effective in terms of energy efficiency, carbon bal-
ance, and nanometer-sized aerosol formation, the treatment of
high flow of gas as required in industrial processes needs to
minimize the pressure drop in the reactor due to the presence of
the pellets. However, requirements for reducing pressure drop in
the catalysis-assisted plasma system have rarely been discussed.
In addition, the catalytic performance in the catalysis-assisted
plasma system has seldom been investigated, and the function
of catalysts is unclear.

On the basis of former researches on toluene decomposition
in DBD reactor[23,24], and the catalytic characterization of dif-
ferent catalysts for pollutants removal[25,26], a wire-plate DBD
reactor with a new type of manganese oxide/alumina/nickel
foam catalyst in situ was designed in this paper. Nickel foam was
a special support, which was thin and porous. It could be stuck
on the electrodes therefore the pressure drop could be reduced
greatly. Manganese-containing catalyst was chose for the low
cost, environmentally friendly and relatively highly active for
the combustion of volatile organic compounds[27,28]. In addi-
tion, the manganese oxides were effective in the low temperature
deep oxidation of toluene to carbon dioxide and water[29] and
ozone killer[14]. Parameters including oxygen content and gas
flow rate were investigated. Under the optimal oxygen content
and gas flow rate conditions, the combination effect of DBD
and catalyst was discussed and the catalytic mechanism was
proposed.
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the grounded electrodes. The total length of the reactor was
200 mm, and the effective length was 150 mm. The gap between
the high voltage electrode and the grounded electrode was 8 mm,
resulting in a cross-section area for flow channel of 400 mm2 and
a reaction volume of 60 cm3.

2.2. Catalyst

Manganese oxide/alumina/nickel foam was used as a cata-
lyst and the mass ratio of manganese oxide/alumina/nickel foam
was 50%:14%:100%. An impregnation process was followed for
preparing the mixed manganese oxide/alumina/nickel foam. The
commercial nickel foam support was impregnated with the sol
of Al2O3·nH2O, then the aqueous solutions of Mn(NO3)2. After
that, it was dried at 393 K for 2 h, and then calcined at 723 K for
4 h.

2.3. Catalyst characterization

XRD data were obtained with the powder method in a Rigaku
diffractometer (D/max-IIIA) operated at 30 kV and 30 mA,
using Cu K� radiation. The patterns were recorded over the
10◦ < 2θ < 100◦ range and compared to the X-ray powder files
to confirm phase identities.

Scanning electron micrographs were obtained with a Jeol
JSM-5910 microscope operating at acceleration voltages 20 kV.
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.1. Reactor

A wire-plate DBD reactor with catalyst in situ was us
n the reaction (Fig. 1). Two pieces of epoxy resin boar
200 mm× 45 mm× 0.8 mm) formed the reactor walls and ac
s dielectric barriers (the dielectric constant,ε = 3.6). The high
oltage electrode was made of stainless steel wire, 0.8 m
iameter. The wire electrode was shaped in a spiral form in

o increase the energy density in the reaction volume. The
o-wire distance was 10 mm and the total wire length was
wo grounded copper net electrodes were fixed on the two
f the middle epoxy resin board. Two pieces of the nickel f
upported catalysts (150 mm× 25 mm× 2 mm) were stuck o

Fig. 1. Simplified structure of
n
r
-
.
s

The FT-IR spectra were recorded by using an FT
pectrometer (Bruker Tensor 27) at room temperature.
upported wafers (15 mm diameter, 15± 1 mg) were formed b
ressing the catalyst powder scratched from the catalyst. T

wo scans were recorded each time.

.4. Experimental setup

The experimental setup was shown inFig. 2. Gas streams o
2 (>99.99%) and N2 (>99.999%) from gas cylinders were ge
rated and a set of mass flow controllers were used to reg

he flow rates of feeding gases. Gaseous toluene was
ated by passing part of the nitrogen gas stream throug
ure toluene liquid (>99.5%) which was kept in a water b
T = 25± 1◦C). High voltage power was supplied by a boo
0–250 V) cooperated with a high voltage ac transformer (50
0 kV) in series. A digital power meter (YF9901, China) w

BD reactor with catalyst in situ.
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Fig. 2. Schematics of the experimental setup.Illustration: (1) mass flow controller, (2) gas chromatogram, (3) bubbling for toluene preparation, (4) water bath for
toluene generation, (5) buffer, (6) valve, (7) temperature detector, (8) reactor, (9) ac transformer, (10) digital power meter, (11) booster, and (12) ozone analyzer.

connected to the variable voltage transformer for measuring the
input power. The discharge power (the power deposited to the
reactor) was calculated from the applied voltage and the reactor
current. The applied voltage was measured by a high voltage
probe (61010, Germany). The input power included the dis-
charge power and power consumption on the transformer and the
circuit. In this experiment, the discharge power corresponded to
the input power by the factor varied from 0.5 to 0.63 in the DBD
combined with catalyst system, and the factor of about 0.35 in
the DBD system.

Gas samples were obtained from the effluent by an auto-
sampler and were analyzed on-line. Toluene and the reaction
products were analyzed by a gas chromatograph (GC-900A,
China) equipped with two hydrogen flame ionization detectors.
One was for organic compounds (such as methane, benzene and
toluene) detection with a 50 m SE-30 capillary column heated
at 80◦C, and the other equipped with a methanizer was for car-
bon monoxide and carbon dioxide analysis using a 2 m carbon
molecular sieve stainless steel column heated at 65◦C. Minor
products were measured by a GC–MS (HP 5973N) equipped
with a 60 m DB-5MS capillary column at 40–220◦C. The ozone
concentration was monitored by an ozone analyzer (DCS-1,
China). The experiment was carried out at room temperature
and atmospheric pressure.

The toluene removal efficiency, carbon dioxide selectivity,
carbon balance value, and energy density in the gas phase were
d

where
∑

Cmeasuredis the total moles of carbon measured in the
outlet stream and

∑
Cfeed is the total moles of carbon fed into

reactor.

Specific energy density:

SED (J/l) = discharge power (W)

gas flow rate (l/ min)
× 60

Energy efficiency:

ηE (g/kWh) = [toluene]removal× gas flow rate

input power

3. Results and discussion

3.1. Effect of oxygen content on toluene decomposition in
the DBD combined with catalyst system

Fig. 3shows the effect of oxygen content in the gas stream on
toluene removal efficiency for selected specific energy densities
in the DBD combined with catalyst system. Oxygen content var-
ied from 0 to 20 vol%. The initial concentration of toluene was

F lected
s ppmv
t

efined as follows:

Toluene removal efficiency:

ηt (%) = [toluene]inlet − [toluene]exhaust

[toluene]inlet
× 100%

Carbon dioxide selectivity:

SCO2 (%) = [CO2]

[CO] + [CO2]
× 100%

Carbon balance value:

CB (%) =
∑

Cmeasured
∑

Cfeed
× 100%
ig. 3. Dependence of toluene removal efficiency on oxygen content for se
pecific energy densities in the DBD combined with catalyst system. 50
oluene and 100 ml/min.
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Table 1
Major initiating radical reactions for air discharge

Reactions K (cm3 molecule−1 s−1)

e + O2 → O2(1∆g) + e (1) 7.3e−10
e + O2 → O + O + e (2) 8.9e−10
e + O2(1∆g) → O + O + e (3) 8.9e−10
e + O2 → O + O(1D) + e (4) 2.7e−09
e + O2(1∆g) → O + O(1D) + e (5) 2.7e−09
O + O2 + M → O3 + M (6) 1.4e−14
O + O3 → O2 + O2 (7) 8.0e−15
e + N2 → e + N2(A) (8) 1.4e−09
e + N2 → N∗ + N + e (9) 9.4e−11

N* is electronically excited nitrogen species.

50 ppmv, and the gas flow rate was 100 ml/min. It was found that
toluene removal efficiency increased with the increase of specific
energy density, and the highest toluene removal efficiency was
observed for the gas stream containing 5% oxygen. When the
oxygen content was 5% and the specific energy density reached
756 J/l, the toluene removal efficiency of 95.9% was achieved.

Oxygen plays a very important role in the reaction. A low-
temperature electrical discharge in an oxygen-containing gas
mixture produced mainly oxygen radicals as active species. Rate
constants for major initiating radical reactions involving the
excitation and dissociation of O2 and N2 were given inTable 1
[30]. A higher oxygen content in the gas streams leads to the
generation of more highly reactive O radicals in the reactor,
resulting in a higher removal efficiency. However, oxygen has
an adverse effect on toluene removal due to its electronegative
characteristics. Increasing oxygen content would limit electron
density in the system, and reduce the power deposited into the
plasmas[6]. As a result, appropriate oxygen content is essential
for toluene destruction.

3.2. Effect of gas flow rate on toluene decomposition in the
DBD combined with catalyst system

Dependence of toluene removal efficiency on specific energy
densities with the gas flow rate ranging from 100 to 500 ml/min
i
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Fig. 4. Dependence of toluene removal efficiency on specific energy density
for selected gas flow rates in the DBD combined with catalyst system. 50 ppmv
toluene and 5% O2.

sity, energy efficiency and input power with/without catalyst
(Fig. 5a–c). The optimized reaction condition of 5% O2 and
100 ml/min was applied to the system. The initial toluene con-
centration was 50 ppmv. It suggested that toluene removal effi-
ciency and energy efficiency increased significantly but the input
power decreased when the specific energy density was larger
than 264 J/l and manganese oxide/alumina/nickel foam cata-
lyst was introduced into the discharge area. For example, when
toluene was decomposed at 456 J/l without catalyst, toluene
removal efficiency was 51.4% compared to 88.8% with cata-
lyst, the energy efficiency of 0.67–0.29 g/kWh, and the input
power of 5.76–9 kJ/h.

3.3.2. Products and byproducts analysis
Products and byproducts analysis by the GC and GC–MS

on different oxygen content in the DBD system without
catalyst was shown inTable 2. When oxygen was enough
(1%� [O2] �20%), almost all removed toluene were oxidized
to carbon monoxide and carbon dioxide. And ozone was the
only byproduct. Whereas some byproducts, such as CH4, C2H6,
C12H26, HCN were detected, and the carbon balance value was
smaller than 65% when oxygen content was less than 1%. The
products and byproducts composition in the DBD system with
catalyst was similar to that of no catalyst in the DBD system,
except for the amount of the byproducts was less. In addition,
certain yellow product that was observed in the DBD reactor
w om-
p as
a

T
P uene,
1

O

1

[

n the combined DBD with catalyst system was shown inFig. 4.
he initial concentration of toluene was 50 ppmv, and the ox
ontent was 5%. It was clear that flow rate had a significant e
n the destruction efficiency. The toluene removal efficie

ncreased with the decreasing of gas flow rate. Almost all tol
ere destroyed at a gas flow rate of 100 ml/min under the sp
nergy density of 756 J/l. Decreasing the gas flow rate, na

ncreasing the retention time in the reactor, would cause
molecule of the gas was submitted to an increasing nu

f plasma discharge and the probability of collision betw
oluene molecules and electrons improved, which resulted
igher toluene removal efficiency.

.3. Combination effect with catalyst

.3.1. Toluene decomposition
Experimental tests were conducted to determine the d

ence of toluene removal efficiency on specific energy
c
y
t
r

a

-
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ithout catalyst did not appear in that with catalyst. The c
osition of the yellow products was indistinct. Maybe it w
romatic polymer.

able 2
roducts and byproducts analysis in the DBD system (50 ppmv tol
00 ml/min)

xygen content [O2] Products Byproducts

%� [O2] �20% CO, CO2 O3

CB = 100± 2%

O2]�1% CO, CO2 HCN, CH4, C2H6, C12H26

CB < 65%
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Fig. 5. Dependences of (a) toluene removal efficiency, (b) energy efficiency, and (c) input power on specific energy density in DBD reactor with/withoutcatalyst.
50 ppmv toluene, 5% O2, and 100 ml/min.

Decomposition of toluene via DBD could generally be
achieved through three channels, i.e., (1) electron impact dis-
sociation, (2) gas-phase radical reactions, and (3) ion–molecule
reactions. Some articles reported that electron impact was the
most important channel during the discharging periods and
responsible for the initial reaction for toluene decomposition.
Radical attack was another important mechanism leading to
toluene destruction. On the other hand, toluene decomposition
by direct ion process was not significant[6,31,32].Table 3shows
the expected toluene-destruction process by non-thermal plasma

Table 3
Removal of toluene reaction by non-thermal plasma

Reactions K (cm3 molecule−1 s−1)

C6H5CH3 + e → products (10) e−6
C6H5CH3 + O+, O2

+, N, N2
+

→ C6H5CH3
+ + O, O3, N, N2 (11) e−10

C6H5CH3
+ + e → C6H5 + CH3 (12) e−7

C6H5CH3 + OH → C6H5CH3OH (13) 5.2e−12
C6H5CH3 + OH → C6H5CH2 + H2O (14) 7e−13
C6H5CH3 + O → C6H5CH2O + H (15) 8.4e−14
C6H5CH3 + O3 → C6H5CHO2 + H2O (16) 1.5e−22

[31]. When oxygen was sufficient, almost all the hydrocarbon
generated from reactions(10) to (16) would be converted to
CO, CO2, and H2O in DBD system. But when oxygen was
absent, the radicals, such as OH, O, and O3 were not enough for
complete oxidation of toluene. It led to byproducts production.
Nitrogen atoms should be reckoned as a source in the formation
of nitrogen-containing compounds. The catalyst could react with
byproducts selectively which led to the reduction of byproducts.

The influence of the catalyst on ozone formation was pre-
sented inFig. 6. It showed that ozone concentration increased
with the increase of specific energy density, and the catalyst
could reduce the ozone formation to a great extent. Ozone as the
main long-living radical was transported to the catalyst and could
take part in heterogeneous oxidation reactions on its surface.
Futamura et al. reported the plausible mechanism for MnO2-
catalyzed decomposition of O3 as follows[14].

Fig. 7shows the dependence of carbon dioxide selectivity on
specific energy density with/without catalyst. From this figure,
it was found that theSCO2 ranged from 64 to 68% in the DBD
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Fig. 6. Dependence of ozone concentration on specific energy density
with/without catalyst. 50 ppmv toluene, 5% O2, and 100 ml/min.

reactor without catalyst, while theSCO2 ranged from 73 to 81%
in the combined DBD with catalyst reactor. And theSCO2 was
independent of the specific energy density. The selectivity was
enhanced due to the toluene oxidation near and/or on the catalyst
surface.

3.4. Characterization of manganese oxide/alumina/nickel
foam catalyst

The characterization of the catalyst was compared
before/after discharge by XRD, SEM, and FT-IR. The catalyst
was carried out after about 40 h experiments of toluene decom-
position with DBD application. The specific energy density was
756 J/l, the gas streams contained 50 ppmv toluene, the oxygen
content was 5% and the gas flow rate was 100 ml/min.

3.4.1. XRD spectra
Fig. 8 shows the typical XRD spectra of the manganese

oxide/alumina/nickel foam catalyst before reaction. It could be
seen that three characteristic components of Ni, MnAl2O4, and
Mn2O3 (orthorhombic) were identified. The XRD spectra sug-

F ensity
w

Fig. 8. XRD testing results of manganese oxide/alumina/nickel foam catalyst
before reaction ((�) Ni; (�) Mn2O3 (orthorhombic); (�) MnAl2O4).

gested that the catalyst loading Mn onto Al2O3 and nickel foam
by impregnation method was a metal oxide state rather than a
metallic state. Ni came from the nickel foam support.Fig. 9
shows the XRD spectra of the catalyst after discharge. It was
found that the composition of Mn2O3 in the catalyst changed
to Mn3O4 after discharge. The proportion of manganese oxide
increased while the aluminate decreased after DBD application.

Manganese oxides are known to be active catalysts in sev-
eral oxidation or reduction reactions. Manganese oxides can be
used as catalysts for the oxidation of carbon monoxide[33,34]
or the selective reduction of nitrobenzene[35]. Moreover, the
application of manganese oxides as an oxygen storage compo-
nent (OSC) for a three-way catalyst has been proposed. In all of
these applications the redox properties of manganese oxides play
a key role[36]. In this reaction, manganese oxides are reduced
to a lower-valent manganese oxide. Once the manganese oxide
is reduced, it can be regenerated, i.e. reoxidized. The oxidation

F talyst
a
(

ig. 7. Dependence of carbon dioxide selectivity on specific energy d
ith/without catalyst. 50 ppmv toluene, 5% O2, and 100 ml/min.
ig. 9. XRD testing results of manganese oxide/alumina/nickel foam ca
fter DBD reaction. 756 J/l, 50 ppmv toluene, 5% O2, and 100 ml/min ((�) Ni;
�) Mn3O4; (�) MnAl2O4).
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Fig. 10. The SEM image of manganese oxide/alumina/nickel foam catalyst
before reaction (85×).

capability of Mn3O4 was better than Mn2O3, as a result it was
in favor of enhancing the toluene oxidation. In addition, in oxi-
dation of toluene lattice oxygen is consumed. Therefore, in
principle, manganese oxides should be able to oxidize toluene
even in the absence of gas-phase oxygen.

3.4.2. SEM image
Fig. 10shows the SEM images of the catalyst before reaction

(magnification values of 85×). This figure illustrated that nickel
foam had a pentagonal framework, and on the surface of the
nickel foam there were a lot of small holes which led to a large
surface area. The active component was loaded on the nickel
foam with crystal form widespread over the support surface.
Fig. 11compares the SEM images of the catalyst before and after
reaction ((magnification values of 1000×). It was found that the
granularity of the grain on the catalyst surface became smaller
and the distribution became more uniform after discharge. The
ultrafine particle catalysts have large specific surface and less-
perfect crystal lattice with a large number of vacancies, which

Fig. 12. Comparison of FT-IR result of manganese oxide/alumina/nickel foam
before/after reaction.

induce a high catalytic activity. It proposed that DBD could
enhance the dispersion of the active component, the stability
as well as the catalytic activity of the catalyst in the reaction.
It was reported that some unusual chemical activities had been
achieved when plasma species were involved in the catalyst sur-
face reactions, which led to efforts to apply plasmas directly to
prepare more effective catalysts[37,38]. Zhang et al. demon-
strated that the glow discharge treatment leads to a higher and
stable dispersion of active species over the support. Also a bet-
ter activity and a significantly enhanced stability of the catalysts
were achieved[39]. Chen et al. found that the conversion and
selectivity of the catalysts prepared by glow discharge plasma
were superior to those obtained from the conventional catalysts

F l foam n.
ig. 11. Comparison of SEM images of manganese oxide/alumina/nicke
 before/after DBD reaction (1000×) (a) before reaction and (b) after DBD reactio
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[40]. The results of this reaction were in good agreement with
these articles.

3.4.3. FT-IR spectra
The FT-IR spectra of catalyst before and after reaction were

presented inFig. 12. Except the absorption bands of the adsorbed
water between 3000 and 3600, 1600 and1670 cm−1, and the
band of CO2 at 2349 cm−1 in the spectra, the band of aluminate
at about 750 cm−1 was detected in the spectra of the catalyst
before reaction. The bands at 500–600 cm−1 corresponded to
the vibration of the manganese oxide (Mn–O). The spectra of
the catalyst after reaction were quite the same with those before
reaction, but the transmittivity increased, which suggested that
the grain of the catalyst became smaller, and highly dispersed
on the support. Especially, the band of aluminate in the spec-
trum of the catalyst disappeared after reaction while the band of
manganese oxide was sharper. It suggested that the manganese
aluminate decomposed to manganese oxide under the electric
field. These results were in consistent with those of the XRD
and SEM.

4. Conclusions

This study demonstrated an atmospheric-pressure DBD
reactor with catalyst in situ for toluene removal. The
combination of dielectric barrier discharge and manganese
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