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Abstract

Methods for hybridization of silent discharge plasma and catalysts in different forms are presented, and their synergy in benzene de-
composition is discussed. TjQleposition on the inside wall of the coaxial type of the silent discharge plasma reactor promotes benzene
decomposition in air and increases £yeld. TiO,—silica gel granules housed inside of the punched internal electrodes also facilitate the
oxidative decomposition of benzene. Comparison of the, Bi@face before and after the reactions by FTIR suggests that the positive effect
of TiO, can be ascribed to the active oxygen species generated on its surface. ReplacemestaicE@el by MnQ also promotes the
oxidative decomposition of benzene in silent discharge plasma. Ozone, which is generated from gaseous oxygen, is decompoged by MnO
but not by TiQ. Catalytic effects of TiQ and MnQ can be ascribed to formation of active oxygen species on their surfaces and that of the
triplet oxygen atom from ozone on the Mp®urface. It has been shown that both of 7&hd MnQ can sustain their catalytic activities in
silent discharge plasma.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction reactorg13], can be utilized as the oxidant precursor in the

catalyst bed set on the downstream of the silent discharge
Nonthermal plasma has attracted much attention as anplasma reactor. It has been shown that manganese oxide cat-

energy-saving method for VOCs control for this decade alysts simultaneously promote the ozone decomposition and

[1-16] due to its unique properties such as quick response benzene oxidatiofiL4,15].

at ambient temperature, achievement of high electron en- Another possibility is activation of catalysts or photocat-

ergies within short residence times, system compactnessalysts hybridized in nonthermal plasma reactors. It is al-

and easy operations. This technique is especially effectiveready known that the ordinary photocatalyst 7i€an be

in removing olefinic VOCs such as trichloroethylene, tetra- activated by emission lights from the excited states of nitro-

chloroethylene, and ethylene at smaller energy consump-gen molecules in the silent discharge plasma reddfol.

tions[6]. Emission of volatile aromatic hydrocarbons is also If the light intensity is strong enough to activate photocat-

of great social concern due to their carcinogenicities and alysts neatly incorporated inside of the reactor, active oxi-

respiratory disorders. This compound class is one of the vi- dants such as OH radicals,”"Oand G~ can be generated

able targets, but their reactivities in nonthermal plasma are from O,. Under these conditions, the synergy between non-

not satisfactorily high. It is desperately required to develop thermal plasma and TiDis anticipated in promoting ben-

an energy-efficient method based on nonthermal plasma. zene decomposition since it is an effective photocatalyst in

One of the options is use of catalysts for the oxida- this reaction18,19]

tive decomposition of aromatic hydrocarbons. Ozone, which  In this research, a coaxial type of silent discharge plasma

is abundantly formed from ©in silent discharge plasma reactor has been chosen to hybridize nonthermal plasma with
catalysts in different forms in different ways. This paper de-
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Table 1
Combinations of reactor geometry and catalyst

2. Experimental

2.1. Catalyst materials Reactor-catalyst Reactor geometryFRiy. 1

(@)
(b)
©

©

SDR-none
MnO, pellets were purchased from Kanto Kagaku, Co., spRr-Tio,

Ltd. They were pulverized and the granules of diameter in SDR-MnG,
1.18-1.70mm were collected for use. 3i®25 (surface  SDR-HQA 12
area: 43rig—1) was used without further purification.

TiOo—silica gel pellets HQA 12 (particle size:1.7 mm,
TiO,, loading rate~13%, surface area: 300%g 1, average
pore diameter: 10 nm, pore volume: 0.8 miy were pur-
chased from Sinto V Cerax, Co., Ltd., and used as received. Methodl. Aqueous suspensions of Ti@vere coated on
the ground surface of the inside wall of the glass tube, which
was dried at 373K for 1 h. The amount of Ti@eposited
was ca. 60—-70 mg.

A silent discharge plasma reactor (SDR) used in this re- Method2. Catalyst or photocatalyst pellets such as MnO
search was a tubular type consisting of a stainless steel rod6-06 ) and HQA 12 (1.9g) were packed inside of punch
coated with different kinds of metals such as copper (Cu), and dried in a oven at 393K for 19 h before use. After the
aluminum (Al), and stainless steel (SUS316) (0.d. 8.6 mm) electrode temperature was cooled down to room tempera-

2.3. Hybridization of SDR and catalysts

2.2. Characteristics of a plasma reactor

and an encircling glass tube (i.d. 10.6mm), which was ture, it was fabricated into SDR.

wrapped with aluminum foil (100 mm wide)-{g. 13 [13].
This original model was used to hybridize Hi@owders on
the inside wall of the outer glass vessel of SORg( 1b).

2.4. Plasma chemical decomposition of benzene

Instead of the metal jacket, punched electrodes of SUS316 Benzene balanced withaNn a standard gas cylinder was

(punch) were prepared and used to house,Fglica gel
pellets fFig. 19. The diameters of pinholes were 1 mm
and their density was 25cm. Table 1 summarizes the

introduced to the reactor through a Teflon tube after its di-
lution by N, and G in separate gas cylinders. The gas flow
rate and the concentrations of benzene apav€re adjusted

combinations of reactor geometry and catalyst. SDR was With sets of mass flow controllers and a gas mixer.

energized with 50 Hz sine wave ac up to 8-11kVrms. The

After each run, air was passed through SDR at 7 kV for

gas residence time varied in the range of 0.36-1.80s at20's to oxidatively remove the carbonaceous materials de-

0.5-0.11/min of gas flow rate.

AC power
supply
()
A
(@) Gas in ] Sampling ports } Gas out
Aluminum Copper -
(b)  foil elegtrode Tio,
/ £ \
Aluminum  TiO5 or MNO5 Punched electrode
(c) foil (SUS316)

Fig. 1. Methods for hybridization of SDR with catalysts or photocata-
lysts. (a) SDR, (b) SDR whose inside wall of the outer glass tube is
coated with TiQ, (c) SDR whose internal punched electrode houses cat-
alyst/photocatalyst pellets.

posited on the catalysts and the inside wall of SDR.
2.5. Photochemical decomposition of benzene

The photochemical reactor was fabricated from Pyrex
glass with a quartz glass window, and contained a square
shaped glass plate (50 nwd5 mm). The catalyst was coated
on one side of the glass plate.

Photoirradiation was carried out for the catalyst through
the quartz glass window by a 500 W high pressure Hg lamp
equipped with a band path filter (365 nm). The numbers of
photons were counted by potassium ferrioxalate actinometry
according to the literature meth¢a0].

2.6. Analysis

The values of plug-in power and applied voltage for SDR
were measured with a digital powermeter (YOKOGAWA
WT 110) and a digital wavemeter (SONY TEKTRONIX
STA 55 W), respectively. Combination of a model of high
voltage amplifier 20/20B (Trek Japan, Co., Ltd.), a func-
tion generator (FG-2, Wavetek), and an oscilloscope (SONY
TEKTRONIX TDS 3052) was used instead of a Neon trans-
former to estimate the power consumptions in SBR. 2
shows the typical voltage and current waveforms in SDR.
The reactor power consumptions were calculated from the
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3. Results and discussion

3.1. Synergy between SDR and MnO

o . . According to our previous data with SDR, no corre-
‘ 0 lation was observed between the amount of formed
E from gaseous oxygen and the conversions of VOCs such as

Applied voltage (kV)

trichloroethylene (TCE}13], benzeng14], and CHBr [12]
under aerated conditions. Interestingly, only the decompo-
Time (s) sition of TCE was promoted by gaseous oxygen without
2 catalysts. Our hypothesis was that the triplet oxygen atom
: : [O(P)], which was formed directly from the dissociation
of O, and indirectly from the ozone decomposition, pro-
moted the oxidative decomposition of TCE. The kinetic
data support that GP) is more reactive with TCE than
with benzene[21,22] These experimental and reference
data urged us to generate ®] in higher concentrations
. in reaction gases. It has been already reported that the se
1.5 : rial combination of the Mn@ pellet bed to the outlet of
Time (s) SDR is effective in simultaneously decomposing ozone and
Fig. 2. Typical waveforms of voltage and current in SDR. Gas composition Denzene[14]. Before catalysts were hybridized with SDR,
N2:0; = 4:1 (viv), gas flow rate 500 ml/min, 50 Hz sine wave ac from effect of the internal electrode material was investigated. No
20/20B. change was observed for the relationship between plug-in
power and applied voltage by replacing Cu electrode by
Al, SUS, and punchKig. 3). Next, ozone concentrations
integration of the power wavefornfs3]. In the applied volt-  were measured with these electrodes since the efficiency
age range of 3-11kV, data sets of power consumptions inof ozone formation could be used as a parameter reflecting
SDR, applied voltages, and benzene conversions were obplasma strength in SDFEig. 4 shows that almost the same
tained with 20/20B as the power supply. Then, the data setsjevels of 0zone were obtained, irrespective of electrode ma-
to relate reactor power consumption to benzene conversionterials and forms as long as the gap distance is fixed. All
were collected at different levels of applied voltage with these data clearly show that the same plasma properties are
the Neon transformer. Based on the comparison of theseobtained even with punch.
data, it was shown that about 203% of plug-in power Fig. 5shows the catalytic effect of MnQn benzene de-
was consumed in SDR for benzene decomposition with the composition in @. The conversion data were collected 3 h
Neon transformer as the power supply. The volatile byprod- after the onset of gas flow to assure the achievement of the
ucts were identified by GC-MS [Shimadzu QP-5050A (El, adsorption—desorption equilibrium for benzene on MnO
70eV)-GC-17A]. The benzene conversions and byproduct Since the increments of benzene conversion at fixed REDs
yields were determined by GC [GC 353 (GL Sciences)]. The increased with RED, the time profile of the benzene con-

Os concentrations were measured on a UV photometric an-version was depicted in the absence and presence 0b,MnO
alyzer, SOZ-6300 (Seki Electronics). Product identification

and quantification of benzene, ozone, CO, and, @@re

Current (mA)

12.00

also carried out by FTIR (JASCO FT/IR 480 Plus equipped B
with a 2.4 m gas cell and a triglycine sulfate (TGS) detector). 1000 |
Diffuse FTIR spectra of the Ti9samples before and after s n
reactions were taken in a diffuse reflectance cell (JASCO ‘%’ 800
DR-81) with KBr as a standard (resolution: 4ch. The 5 600 | »
collected data were processed with Kubelka-Munk Trans- jg - ocu
form. g 40 mAl

As a measure of the energy efficiency for SDR, reactor < 200 |H ASUS
energy density (RED) is used latétd. (1). The conversion ' @ Punch
factor of 0.2 denotes the ratio of reactor power to plug-in 0.00 I : : :
power for SDR based on the measurements of power con- 0.0 5.0 10.0 15.0
sumptions described above Plug-in power (W)

; Fig. 3. Effect of internal electrode metals in SDR on the relationshi

RED(kJ/l) = 0.2 x plug-in powerkw) Q) be?ween plug-in power and applied voltage. Gap distance: 0.7 mm, gasr;

flow rate(l/s) 02, 0 = 500ml/min.
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Fig. 4. Effect of interna electrode metals in SDR on ozone formation.
Gap distance: 0.7mm, gas. Oz, Q = 500 ml/min.
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Fig. 5. Additive effect of MnO, on benzene conversion in ar. Gap
distance: 1.0mm, benzene: 105ppm, Q = 500 mi/min.

at 0.36kJI of RED (Fig. 6). In the absence of MnOo, the
benzene conversion was almost constant at 34%, but it in-
creased with timein the presence of MnO,. The 20 min after
the data collection was started, benzene conversion tended
to level off at ca. 54%. AsFig. 7 shows, MnO, decomposes
O3 generated in SDR. These findings suggest that the oxy-
gen atoms are formed on the surface of MnO, (O*) and
a part of desorbed O* is present as O(®P) in the gaseous
phase (Fig. 8). These oxygen atoms are possible oxidants
in this reaction. MnO2(OH)4 can be another candidate for
benzene oxidation [23,24], but this species is less likely to
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g |°© ©
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T 30 |
@ 0 Without MnO2
W With MnO2
20 1 1 1 1
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Time (min)

Fig. 6. Time profile for the additive effect of MnO, on benzene conver-
sion in air. Gap distance: 1.0mm, benzene: 105ppm, Q = 500 ml/min,
RED = 0.36 kJ/.
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Fig. 7. Effect of MnO,; and HQA 12 on ozone decomposition in Oy.

be involved because it is formed from O,*, which is formed
in the secondary Rideal-Eley Type Reaction of O* and O3
(Fig. 8).

No change was observed in the activities of fresh and the
used MnO, samples for ozone formation from O in the
gas flow rate range of 0.5-1.51/min (Fig. 9). Deactivation of
MnOs; is neglected in our experiments.

Q/N Products

O3

Products O* O* \&
O3 02* [MnO,(OH

O3 +* — O* + O2

O* + O3 — 02 + O2*

* denotes surface site.

Rideal - Eley Type Reaction

Fig. 8. Mechanism for MnO,-catalyzed oxidation of benzene.
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Fig. 9. Catalytic effect of the fresh and used MnO, on O3z decomposition
in O,.

3.2. Synergy between SDR and FiO

Fig. 10 shows the synergistic effect of SDR and TiO,
coated inside wall of the outer glass tube of SDR in benzene
decomposition in dry air. The reaction was started by ener-
gizing SDR after the adsorption—desorption equilibrium of
benzene on TiO, was achieved (~3h). Benzene conversion
and the concentrations of CO and CO, were obtained in
the steady state. With an increase in RED, benzene conver-
sion (Fig. 10a) and the amounts of CO and CO; (Fig. 10b)

2
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L |
;\;\ 60 n
= |
£ 50 r
5 |
'z 40
o
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£30 o
o o
S 20 |
= o ) .
R O Without TiO2
10 r W With TiO2
0 - 1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00
@) Reactor energy density (kJ/L)
200
0 CO2 (Without TiO2) °
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E150 | @CO2(With TiO2) °
= B CO (With TiO2)
8 o ©
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2 Y © ]
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8 50 o &
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(b) Reactor energy density (kJ/L)

Fig. 10. Effect of TiO, coating on benzene decomposition in air. Gap
distance: 1.0mm, benzene: 100 ppm, Q = 100ml/min. () Benzene con-
version, (b) concentrations of CO and CO,.
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Fig. 11. Diffuse reflectance FTIR spectra of TiO, on the inside wall of
the outer glass tube of SDR. (a) Before reaction, (b) after reaction.

monotonously increased. At 0.84 kJ/I of RED, benzene con-
version doubled and CO» amount increased on TiO, addi-
tion, while CO amount did not change apparently. These
findings suggest that the synergy between SDR and TiO;
can be expected at residence times shorter than 2.0 s. Carbon
balance in this reaction (ratio of the amount of CO, formed
to that of the benzene consumed) was improved with an in-
crease in RED, but it fell in 30—70% with TiO, although it
varied in 75-95% without TiO,. Relatively low carbon bal-
ancesin the presence of TiO are ascribed to carbon deposits
on the TiO, surface. Deposition of Rh on TiO» is effective
inimproving the TiO, durability by inhibiting the formation
of carbon deposits on the catalyst surface and accelerating
their decomposition [25].

After reactions, the color of TiOo turned yellow from
white. Fig. 11 comparatively showsthe diffuse FTIR spectra
of the TiO, samples before and after the reaction. Before the
reaction (Fig. 114), absorption bands of water physically ad-
sorbed on TiO, are observed at 1620 and 26003650 cm 1
and those of surface hydroxyl groups at 3650-3700cm™1,
respectively. New bands observed at 1200-1800cm—1 after
the reaction (Fig. 11b) indicate the formation of carbon
deposits on the TiO, surface. Lower carbon balances in
the presence of TiO, are ascribed to the formation of
these carbon deposits. The bands at 1720 and 1420cm—1
can be ascribed to some carbonyl and C-O groups,
respectively, suggesting the adsorption of oxidation inter-
mediates on TiO».

Comparison of Figs. 11aand b clearly shows that the sur-
face hydroxyl groups at 3650-3700 cm~ disappear during
the reaction course. Thiskind of phenomenon has been aso
observed in the TiO»-catalyzed photooxidation of benzene
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in dry air [19]. We have proposed that in the photocatalytic
reactions, the surface hydroxyl groups are oxidized to form
OH radicals, which are responsible for the oxidative de-
composition of benzene. These findings suggest that the
chemical reaction occurs on the TiO, surface in SDR. In
the photocatalytic reactions, disappearance of OH groups
accompanies the formation of carbonaceous materials [19].

It has been reported that O3 is decomposed on metal ox-
ides such asMnOz, Ag0, Fe30y4, TiO2, and Cu,0 [26-28].
We have dready reported that loading of MnO; facilitates
the benzene decomposition utilizing Oz [14]. Under the
conditions where benzene decomposition was performed,
800-1800 ppm of ozone was generated from air in SDR, but
no change was observed in ozone level in the absence or
presence of TiO,. This finding suggests that Oz formed in
SDR was not involved in the benzene decomposition in the
present case.

Fig. 12 clearly shows the significance in hybridization of
SDR with TiO,. With SDR, the initial benzene conversion
reaches 100%, but it gradually decreases and levels off at
72% after 40 min (Fig. 124). The concentrations of CO and
CO;2 concurrently increase and level off after 20 min. These
findings suggest that TiO2 can maintain its photocatalytic
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Fig. 12. Time profile for benzene decomposition in dry air. (a) Reactor
SDR, gap distance: 1.0mm, TiO,: 70mg (0.12mgcm=2) on the glass
tube, benzene: 100ppm, Q = 100ml/min, RED = 0.84kJl. (b) Light
source 500W high pressure Hg lamp with a 365 cutoff filter (photon
flux = 0.027 Einsteinmin—1), TiO,: 2.0mgcm~—2 on the glass plate, ben-
zene: 100ppm, Q = 100ml/min.

activity in silent discharge plasma. Fig. 12b shows the time
profile for benzene decomposition with the photochemical
reactor. In contrast to the SDR-TiO» reactor, the catalyst was
almost completely deactivated in the steady state although
the conversion for the first 1 min was 45%. It is impossible
to directly compare the reaction rates for the benzene ox-
idation on TiOy catalyst between these systems, since the
wavel ength distribution and intensity of emitted light are dif-
ferent for each other. However, deactivation of TiO, in the
benzene photooxidation in dry air has been generally ob-
served [25,29]. Thus, one of the remarkable characteristics
for the SDR-TiO, hybrid system is that the activity of TiO»
is sustained even under dry conditions.

3.3. Synergy between SDR and HQA 12

HQA 12 was used to check the catalytic effect of TiO;
pellets to be housed in punch since it was difficult to pre-
pare for authentic TiO, pellets with sufficient mechanical
strengths. An induction period was observed (Fig. 13), but
1.6-fold higher conversions were obtained for benzene by
housing HQA 12 inside punch. Comparable data were ob-
tained for the yields of CO and CO; as in the case of
SDR-TiO, (Fig. 10b). In this style of hybridization with
SDR, efficiency of light absorption is not expected to be high
enough to excite TiO, pellets. It is necessary to increase the
pinhole density on the electrode surface.

With thisstyle of TiO» hybridization with SDR, no change
was observed in ozone concentration levels as in the cases
of no catalyst (Fig. 7). These findings suggest that the same
types of active oxygen species are involved in the oxidative
decomposition of benzene as in the case of TiO, coated on
the inside wall of the SDR glass tube.

3.4. Significance in hybridization of SDR with
catalysts/photocatalysts

Effects of catalyst hybridization with SDR was investi-
gated. In nonthermal plasma, benzene shows only amedium

60

B »
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\ -

(=]

Benzene conversion (mol%)
e
<
.

20 0 Without HQA 12
O With HQA 12
10
0
0 10 20 30 40
Time (min)

Fig. 13. Additive effect of HQA 12 on benzene conversion in air. Gap
distance: 1.0 mm, benzene: 105ppm, Q = 500ml/min, RED = 0.32kJ/.
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reactivity, irrespective of background gases. In this sense,
it is noteworthy that the positive effects were observed in
the benzene decomposition with the systems of SDR-MnO»
and SDR-TiO; in the residence time range of 0.36-1.80s.
Effective utilization of active oxygen species is essential in
VOCs removal, and MnO, and TiO, can generate higher
concentrations of different types of active oxygen species
in nonthermal plasma. It isfacile and promising to simulta-
neously hybridize MnO, and TiO, with SDR based on the
data presented in this paper. Utilization of different types of
oxidation catalysts increases in situ concentrations of active
oxygen species not only in the gas phase but on the cat-
ayst surface, resulting in the higher energy efficiency and
enhanced performance of SDR as an effective reactor for
the oxidative decomposition of VOCs with low to medium
reactivities in nonthermal plasma.

4, Conclusions

It has been shown that MnOg, TiO,, and TiO»>—silica gel
hybridized with SDR promote benzene decompositionin air
with higher selectivities of CO; at residence times shorter
than 2s. It is suggested that active oxygen species generated
in the gaseous phase and on the catalyst surface facilitate
the oxidative decomposition of benzene. Hybridization of
SDR with MnO; or TiO, is effective in suppressing their
deactivation.

Acknowledgements

This research was performed under the auspices of New
Energy and Industrial Technology Development Organiza-
tion of Japan (NEDO).

References

[1] T. Yamamoto, PA. Lawless, M.K. Owen, D.S. Ensor, C. Boss,
in: B.M. Penetrante, S.E. Schultheis (Eds.), Non-Therma Plasma
Techniques for Pollution Control, vol. 34, Part B, NATO ASI Series,
Springer-Verlag, 1993, p. 139.

[2] D. Evans, L.A. Rosocha, G.K. Anderson, J.J. Coogan, M.J. Kushner,
J. Appl. Phys. 74 (1993) 5378.

[3] T. Yamamoto, J.S. Chang, A.A. Berezin, H. Kohno, S. Honda, J.
Adv. Oxid. Technol. 1 (1996) 67.

[4] T. Yamamoto, K. Mizuno, I. Tamori, A. Ogata, M. Nifuku, M.
Michalska, G. Prieto, IEEE Trans. Ind. Appl. 32 (1996) 100.

[5] S. Futamura, T. Yamamoto, |IEEE Trans. Ind. Appl. 33 (1997)
447.

[6] S. Futamura, A. Zhang, T. Yamamoto, J. Electrostat. 42 (1997)
51.

[7] S. Futamura, A. Zhang, G. Prieto, T. Yamamoto, |IEEE Trans. Ind.
Appl. 34 (1998) 967.

[8] S. Futamura, A. Zhang, T. Yamamoto, |EEE Trans. Ind. Appl. 36
(2000) 1507.

[9] A. Ogata, K. Yamauchi, K. Mizuno, S. Kushiyama, T. Yamamoto,
IEEE Trans. Ind. Appl. 35 (1999) 1289.

[10] S.L. Suib, S.L. Brock, M. Marquez, J. Luo, H. Matsumoto, Y.
Hayashi, J. Phys. Chem. B 102 (1998) 9661.

[11] S. Futamura, A. Zhang, T. Yamamoto, |EEE Trans. Ind. Appl. 35
(1999) 760.

[12] A. Zhang, S. Futamura, T. Yamamoto, J. Air Waste Manage. Assoc.
49 (1999) 174.

[13] S. Futamura, H. Einaga, A. Zhang, |EEE Trans. Ind. Appl. 37 (2001)
978.

[14] H. Einaga, T. Ibusuki, S. Futamura, IEEE Trans. Ind. Appl. 37 (2001)
1476.

[15] S. Futamura, A. Zhang, H. Einaga, H. Kabashima, Catal. Today 72
(2002) 259.

[16] S. Futamura, H. Kabashima, H. Einaga, J. Jpn. Petrol. Inst. 45 (2002)
329.

[17] J. Luo, S.L. Suib, Y. Hayashi, H. Matsumoto, J. Phys. Chem. A 103
(1999) 6151.

[18] O. d'Hennezel, P. Pichat, D.F. QOllis, J. Photochem. Photobiol. A 118
(1998) 197.

[19] H. Einaga, S. Futamura, T. Ibusuki, Phys. Chem. Chem. Phys. 1
(1999) 4903.

[20] S.L. Murov, Handbook of Photochemistry, Marcel Dekker, New York,
1973, p. 119.

[21] W.-D. Chang, S.M. Senkan, Environ. Sci. Technol. 23 (1989) 442.

[22] R. Atkinson, D.L. Baulch, R.A. Cox, R.F. Hampson Jr., JA. Kerr,
J. Troe, J. Phys. Chem. Ref. Data (1980-1992).

[23] W. Li, G.V. Gibbs, S.T. Oyama, J. Am. Chem. Soc. 120 (1998) 9041.

[24] W. Li, S.T. Oyama, J. Am. Chem. Soc. 120 (1998) 9047.

[25] H. Einaga, S. Futamura, T. Ibusuki, Chem. Lett. (2001) 582.

[26] B. Dhandapani, S.T. Oyama, Appl. Catal. B 11 (1997) 129.

[27] S. Imamura, M. lkebata, T. Ito, T. Ogita, Ind. Eng. Chem. Res. 30
(1991) 217.

[28] B. Ohtani, S.-W. Zhang, S.-I. Nishimoto, T. Kagiya, J. Chem. Soc.
Faraday Trans. 88 (1992) 1049.

[29] M.L. Sauer, D.F. Qllis, J. Catal. 163 (1996) 215.



	Synergistic effect of silent discharge plasma and catalysts on benzene decomposition
	Introduction
	Experimental
	Catalyst materials
	Characteristics of a plasma reactor
	Hybridization of SDR and catalysts
	Plasma chemical decomposition of benzene
	Photochemical decomposition of benzene
	Analysis

	Results and discussion
	Synergy between SDR and MnO2
	Synergy between SDR and TiO2
	Synergy between SDR and HQA 12
	Significance in hybridization of SDR with catalysts/photocatalysts

	Conclusions
	Acknowledgements
	References


