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Abstract: A superimposed wirc-plate dielectric barrior discharge reactor was used to remove foluenc in this shudy. The effects of
oXygen content, gas flow rate, gas initial concentration and with/without catalyst on toluene decomposition were investigated. It was
found that an optimal tolucne removal was achieved when the oxygen content was about 5%. Under this condition, the highest toluene
removal efficiency of 80.8% was achieved when the gas concentration was 80 mg/m1’, The toluene removal efficiency decreased with
the increase of the gas flow rate and the initial concentration of toluene. In addition, the ozonc concentration decreased with the
increase of the initial concentration of toluene. It suggested that combining DBD (diclectric barrier discharge) with Co04/ALOy/foam
nickel catalyst in—situ could improve the toluene removal efficiency and suppress ozone formation. Products analysis showed that the

main produets were CO and CO; when ogygen was morc than 5%,
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Introduction

Emission of various volatile organic compounds
(VOCs) from refineries, coating and paint industries
pollutes the environment seriously. Dielectric barricr
discharges(DBDs) process has been considered as one
of the most hopeful methods to remove VOCs. DBDs
are obtained when high voltage is applied to
clectrodes that are separated by a gas gap and at lcast
one dielectric barrier. Using typical gap spacings(0.5
mm to | cm), ambient gas pressure {100 mbar to 2
bar} and AC applied voltages (typically 500 V to 20

kv at 1 Hz to | Mliz) will cause a multitude of

transient filaments with electron densities of about

1014 to 1015 cm® and mean ¢lectron cnergies of

typically 1—10 eV. It suggests that the DBDs method
has some advantages comparing with the traditional
catalytic ways. Recently various articles on VOCs
decomposition via DBDs were reported, such as the
concentration dependence of VOC decomposition by
DBDs (Rudolph et af., 2002), CF.Cl; and CF.CIBr
decomposition by DBDs (Hou er of., 1999), oxidative
conversion of PFC via plasma processing with DBDs
{Yu and Chang, 2001), the removal of acetaldehyde
using a barrier type packed-bed plasma reactor
{(Okubo et al., 2000), tolucne decomposition with
DBD {(Guo et «f., 2004) and the catalytic methane
oxidation by applying a DBD(Khassin et al., 2004).

In this study, 2 superimposed wire-plate DBD
reactor was applied to cvaluate the efficiency for
toluene removal from gas streams experimentally.
Various operational parameters including applied
voltage, oxygen content, gas flow rate, gas
concentration, and with/without catalyst were

investigated. Gaseous products after DBD processing
were monitored and quantified.

1 Materials and methods

1.1 Dielectric barrier discharge reactor

A superimposed wire-plate DBD reactor was
used in the reaction(Fig.1). Two pieces of epoxy resin
boards (200 mm X45 mm X 0.8 mm) formed the
rcactor walls and acled as dielectric barriers (the
diclectric constant £=3.6). The high voltage electrode
was made of stainless steel wire, 0.8 mm in diameter.
The wirc electrode was shaped in a spiral form
order to increase the cnergy density in the reaction
volume. Two grounded copper nct electrodes were
fixed on the two sides of the middlc epoxy resin
board. When catalysts were used, two picces of the
foam nickel supported catalysts(150 mm X 25 mm X2
mm) were stuck on the grounded electrodes. The total
length of the reactor was 200 mm, and the effective
length was 150 mm. The gap between the high voliage
clectrode and the grounded clectrode was 8§ mm,
resulting in a reaction volume of 60 cm’.
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Fig.l  Simplified structurc of the wirc-plate DBD reactor
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1.2 Catalyst

Co;0/ALO+foam nickel was used as a catalyst
and the mass ratio of Co,0/ALOy/foam nickel was
049 20.50 : 1.00. An impregnation process was
followed for preparing the mixed Co,0/ALOy/foam
nickel. The commercial foam nickel support was
impregnated with the sol of ALO; +nH,O, then the
aqueous solutions of C'o { NOy), -6H,0. After that, it
was dried at 393 K for 2 h, and then calcined at 723 K
for 4 h.
13 Experimental setup

The experimental setup is shown in Fig. 2. Gas
streams of O, (>99.99%) and N, (>99.99%) from gas
cylinders were generated and a set of mass flow
controllers were used to regulate the flow rates of
feeding gases. Gaseous toluene was regulated by
passing part of the nitrogen gas stream through the
pure toluene liguid (>99.5% ) which was kept in a
water bath (7=25 +1°C ). High voltage power was
supplied by a booster (0—250 V) cooperated with a
high voltage AC transformer (30 Hz, 30 kV) in series.
A digital power meter(YF9901, China) was connected
to the variable voltage transformer for measuring the
power consumption of the whole DBD system.

o e —
o M —
My — (M—- -— ib— -
Water iﬂJ [ ‘ FARR
] : =M=
y— J [——- % . | o N FL
; - : Pawer Tnlucne
U suenly
[ ' ] EDBD rcdr.tnrl GC- 900£|
- - - N .
I Ozonc} ‘Lxhausl
analyzer ‘ pas

Fig.2  Schematics ol the experimental sclup

Gas samples were obtained from the cffluent by
an auto-sampler and were analyzed on-line, Toluenc
and the reaction products were analyzed by a gas
chromatograph  (GC-900A, KECHANG, Shanghai,
China} equipped with two hydrogen flame ionization
detectors(FID). One was for organic compounds(such
as methanc, benzene and toluenc) detection with a 50
m SE-30 capiltary column heated at 80°C , and the
other cquipped with a methanizer was for carbon
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 GC-6890) equipped with a4 60 m DB-3MS
capillary column at 40—220 “C.The ozone concen-
tration was monitored by an ozone analyzer (DCS-1,
LIDA, Shanghai, China). The experiment was carried
out at room temperature and atmospheric pressure,

2 Results and discussion

2.1 Effect of oxygen content on toluene decom-
position in the DBD system

Since the flue gases emitted from industrial
processes always contain some oxygen, a set of tests
have been carried out to determine how oxygen
content of the gas stream would affect toluene
removal efficiency (n,). Fig.3 shows the experimental
results with oxygen content varied from 0 to 20% by
volume. The initial ¢concentration of toluene () was
800 mg/m’, and the gas flow rate ({)) was 0.03 m¥/h. Tt
was found that toluene removal efficiency increased
with the increase of applied voltage, and the highest
toluene removal efficiency was observed for the gas
stream containing 5% oxygen. :
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Fig.3 Dependence ol toluene removal efficiency on oxygen content
€=0.03 m*h; C,=800 mg/m’

The decomposition mechanism of tolucne was
explored in view of reaction rate {(Wu et al., 2004).
When the applied vohage is higher, the produced
electric field is stronger and the resumed power is
higher. More electrons react with toluene and break
the bond between the toluene molecules, thus the
removal efficiency of toluene increases. Oxygen plays
a very important role n the reaction. A low-tempe-
rature electrical discharge in an oxygen-containing gas
mixture produces mainly oxygen radicals as active
species. Rate constants for major initiating radical
reactions involving the excitation and dissociation of
0; and N, were given as follows(Herron, 2001).

e+, — Oy('Ag)+e

K=7.3¢-10 cm*/(molecule- s) (N
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K=1.4e-14 cm*/(molecule+s) (6
O+0; — OtG,

K=8.0e-15 em*/(molecule-s) (N
e+N, — e+N,(A)

K=1.4e-09 cm*/(molecule-s) (8)
e+N,-— N'+N+e

K=9.4e-11 cm¥/(molecule-s) (9)

(N is electronically excited nitrogen species)

A higher O, content in the gas streams leads to
the generation of more highly reactive O radicals in
the DBD reactor, resulting in a higher removal
efficiency. However, O, has an adverse effect on
toluene removal due to its electronegativity. The
electronegative property of oxygen tends to trigger the
electron attachment reactions and changes the
associated electron energy distribution. Increasing
oxygen content would limit electron density in the
system, and reduce the power deposited into the
plasmas (Lee and Chang, 2003). As a result,
appropriate oxygen content is essential for toluene
destruction. In the experiment, when oxygen content
was 5%, the removal efficiency was the highest.

2.2 Effect of gas flow rate on toluene decomposi-
tion in the DBD system

Dependence of toluene removal efficiency on
applied voltage with the gas flow rate ranging from
0.018 to 0.042 m%h in the DBD system is shown in
Fig.4. The initial concentration of toluene was 5300
mg/m’, and the oxygen content was 5%. It was clear
that flow rate had a significant effect on the
destruction efficiency. The toluene removal efficiency
increased with the decreasing of gas flow rate.
Although the toluene removal efficiency was
relatively low at the high initial concentration of
toluene (5300 mg/m®). Decreasing the gas flow rate,
namely increasing the retention time in the reactor,
would increase the energy obtained by toluene
molecules from the system and improve the
probability of collision between toluene melecules and
electrons, which resulted in a higher toluene removal
efficiency.
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Fig4 Dependence of toluene remaval efficiency on gas flow rates
[0.]=5%:; Cr=35300 mg/m®

2.3 Effect of initial concentration on toluene de-
composition in the DBD system

Fig.5 shows the dependence of toluene removal
efficiency on gas concentration. The oxygen content
was controlled at 5% and the gas flow rate was 0.03
m*h. Experimental results indicated that 7, decreases
with increasing inlet concentration of toluene for the
gas streams with oxygen. The highest 1, of 80.8% was
achieved when the toluene concentration was 80
mg/m®. Fig.6 shows the dependences of ozone
concentration on  gas  concentration.  Ozone
concentration increased with the decrease of the
toluene concentration.
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Fig.5 Dependence of toluene removai efficiency on gas concentration
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Fig.6 Dependence of ozone concentration on gas concentration
[0:]=5%, (}=0.03 m'h

When the initial concentration is low, the amount
of toluene molecule is few, but at the same time the
input power is a fixed value, therefore the probability
of collisions between toluene moelecules and electrons
is larger and toluene removal efficiency is higher. On
the other hand, when the initial concentration is low,
few toluene molecule collides with the electron, and
more energy could be deposited to oxygen molecule,
thus the ozone concentration is high.

2.4 Effect of catalyst on toluene decomposition in
the DBD system

Experimental tests were conducted to determine
the dependence of toluene removal efficiency on
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energy density with/without catalyst (Fig.7). The
reaction condition of 5% O, and 0.03 m%h gas flow
rate was applied to the system. The initial concen-
tration of toluene was 800 mg/m’. It suggested that
toluene removal efficiency increased significantly
when Co;04/AlLOy/foam mickel catalyst was introduced
into the discharge area. For example, when toluene
was decomposed at 11 kV, toluene removal efficiency
was 37% with DBD system: compared to 62% in the
DBD treatment with the catalyst in situ. The influence
of the catalyst on ozone formation is presented in Fig,
8. It shows that ozone concentration increased with
the increase of applied voltage, and the catalyst could
suppress the ozone formation to a great extent.

65 ~M— No catalyst A
60 " & With catalyst A
55 1

50 |-
43
40 |
35 -
30 -
25 -
20 |-
15
10 ) L 1 1

N, %

Applied voltage, kV

Fig.7  Removal efficiency of toluene by the plasma process
with/without the catalyst
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Fig.8 Ozone concentration with/without the catalyst
0=0.03 mh; [0:]=5%; €=800 mg/m"

Some researchers reported that real synergy
effects between non-thermal plasma and catalysis
could be available by introducing the catalyst into the
discharge zone. When catalysts were placed in siru,
the input energy could be depressed and the pollutant
conversion could be strengthened(Roland et al., 2002;
Ogata et al., 1997; Francke et al., 2000; Oda ez dol.,
2002). Ozone as a main long-living oxidant was
transported to the catalyst and could take part in
heterogeneous oxidation reactions on its surface. Thus
the catalyst could dissociate ozone and improve the
carbon dioxide selectivity. But for many cases, the

non-thermal plasma reactor could not combine
catalyst effectively. Some researchers applied
packed-bed discharge to combine plasma and catalyst
(Ogata er al., 2003; Holzer et «al., 2002; Li et ol.,
2002; Muhannad and Jiang, 2000; Kim et of., 2005;
Kang er «f., 2002). Although it has been found that
packed-bed dielectric barrier discharge reactor is
effective in terms of energy efficiency, carbon
balance, 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. In this paper
the wire-plate DBD reactor with a new type of
Co,0/ALOy/foam nickel catalyst in situ was desi-
gned. Foam nickel was a special support, which was
thin and porous. It could be stuck on the electrodes
therefore the pressure drop couid be reduced greatly.
In addition, the catalyst was easy to be removed. Such
a reactor would be hopeful to be used in industry,
2.5 Products analysis

Methane, benzene, ozone, carbon monoxide and
carbon dioxide were detected afier DBD reaction
when the oxygen was enough(>5%) in the gas stream.
CO and CO, were the main products. The relationship
between COx concentration with applied voltage is
shown in Fig.9. It was found that the concentrations of
CO and CO, increased with the increase of applied
voltage, but CO. increased more than CO when the
applied voltage was larger than 7 kV. In the reaction,
CO was produced earlier than CO, For example,
when the applied voltage was lower than 5 kV, few
CO was produced, and no CO, existed in the products.
This is due to that the electron energy is not high
enough for the oxygen to be ionized in the reaction
when the electric field strength is low. Only a part of
toluene is oxidized to CO, and it is difficult to be
oxidized to CO.. Whereas when the applied voltage is
high, CO is oxidized to CO, thus the amount of CQ,
increased more than CO,
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Fig.9 Dependence of concentrations of CO and CO. on
applied voltages
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When the oxygen content was low (< 5%), CO
and -CO, were little in the reaction. And some
byproducts, such as C:HQ, CHys , C:Hy, and CHO;
were produced via GC-MS analysis. The molecular
structure of these byproducts is shown in Table 1. In
addition, certain yellow product that was observed in
the DBD reactor, but the composition was unclear.
Maybe it was aromatic polymer.

Table 1  The molecular structure of some byproducts
Molecular Molecular Molecular Molecular
formula structure formula structure

0.9 _0
C;H0 \H/ CaH(0;5 U

O

C:Hys C7Hye

Mt

3 Conclusions

An experimental investigation was conducted to
remove toluene from fluc gas by an atmospheric-
pressure DBD process. Experimental results suggest
that DBD technology could effectively destroy toluene
molecules. An optimal toluene removal is achieved at
around 5% of oxygen content. The superimposed
wire-plate dielectric barrier discharge reactor with
Co0,/AlLOy/foam nickel catalyst in sitn is effective in
toluene destruction and ozone dissociation. Products
analysis indicates that the main products were CO and
CO; when oxygen is more than 5%.
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