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Abstract

Catalytic effects of metal oxides in nonthermal plasma chemical processing of hazardous air pollutants (HAPs) are discussed,
relevant to their activities for the oxidation of HAPs in nonthermal plasma media and their selective control of active oxygen
species derived from background.On ferroelectric packed-bed reactors, the oxidation power of barium titanate (BaTiO
is not strong enough to oxidize HAPs and their carbon intermediates o @@y nitrous oxide (NO) was formed from
background M and lattice oxygen atoms in BaTiOT he catalytic effect of BaTi@is negligible under aerated conditions. On
the other hand, ozone £Pis formed from background £3n much higher concentrations in a silent discharge plasma reactor.
Manganese dioxide (Mn£)-catalyzed decomposition ofspromotes decomposition of benzene, which is less reactive than
trichloroethylene and tetrachloroethylene. The acceleration of benzene consumption rate is ascribed to the promotion of its
oxidative decomposition by the triplet oxygen atom. Catalytic control of in situ active oxygen species could be one of the
most effective approaches to increase the energy efficiency of the nonthermal plasma reactor and to achieve the complete
oxidation of the carbon atoms in HAPs. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction they deactivate excited electrons rather than promote
oxidative decomposition of HAPs.

Nonthermal plasma chemical processing of haz- On the other hand, higher conversions have been
ardous air pollutants (HAPs) has been extensively obtained inthe decomposition of volatile organic com-
investigated [1-15], and it has been clarified that pounds (VOCs) in air with silent discharge plasma
this technique is extremely efficient in decomposing reactors (SDR) [13]. These findings suggest that the
olefinic HAPs such as trichloroethylene ¢CFCHCI, contributions of active oxygen species generated in
TCE) [5], tetrachloroethylene, and ethylene [6]. nonthermal plasma are greatly affected by plasma-

In use of ferroelectric pellet packed-bed reactors generating methods. Thus, combination of nonthermal
(FPR) [5-7] and a pulsed corona reactor [5], homolytic plasma and catalysts (Fig. 1) can control the distri-
decomposition of excited HAPs is the major pathway bution ofin situ active oxygen species such as ozone
in the absence or presence of oxidants such as O (Os), oxygen atoms [GD) and OEP)], hydroxyl rad-
and humidity in the background gas. In many cases, ical (*OH), and final oxidation products such as CO

and CQ. It has already been known that perovskite
mpondmg author. Tels81-298-61-8497: oxides .such as barium titanate (Ba&)@ackgd in.
fax: +81-298-61-8266. FPR (Fig. 1a) can act as catalysts in the partial oxida-
E-mail address: s-futamura@aist.go.jp (S. Futamura). tion of hydrocarbons at elevated temperatures [16], but

0920-5861/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S0920-5861(01)00503-X



260 S Futamura et al./ Catalysis Today 72 (2002) 259-265

a) Hybrid reactor comprising nonthermal —
plasma/catalyst %]
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gas : plasma/catalyst : gas Gas out

b) Serial combination of nonthermal plasma and

catalyst Aluminum

foil .
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Fig. 1. Two modes of the nonthermal plasma/catalyst reactor: (a)
hybrid reactor comprising nonthermal plasma/catalyst; (b) serial
combination of nonthermal plasma and catyalyst.

Fig. 2. Schematic of a silent discharge plasma (SDR)-WMnO

their catalytic effect in nonthermal plasma media has 2"

not been clarified yet. It has been reported that modi-
fication of the internal electrode of SDR with precious
metals (Fig. 1a) is effective in activating GONO,
and HO in nonthermal plasma [10].

Selective oxidation systems can be designed by se-

e ey acors . 00T i) (13]. i 2 Shows the st o
ystiay 9. 20). Y Y the SDR reactor equipped with a catalytic-bed at its

%Zr:i\/sgzgsc?r:\r;)g;ﬁissccg‘rltljosct;ge can promote the OXexit. Both reactors were energized with 50 Hz ac up to
This paper discusses the catalytic effect of BaliO 8-10kVrms.

used in FPR and metal oxide catalysts serially com- _ N

bined with SDR from the viewpoint of their involve- 2.2 Plasma chemical decomposition of HAPs

ment in the oxidation of ) CO, and VOCs.

reactor used in this research was a tubular type con-
sisting of a stainless steel rod coated with copper
(o.d. 8.6mnmd) and an encircling glass tube (i.d.
10.6 mmp), which was wrapped with aluminum foil

The HAPs tested in this research were TCE,
chloromethane (CgCI), carbon tetrachloride (Cg),

2. Experimental 1,1,1-trichloroethane (@C—-CHg), tetrachloroethy-

lene (ChC=CClp), bromomethane (C{Br), dibro-
2.1. Characteristics of plasma reactors and momethane (CbBrp), bromoethane (Cg+CHyBr),
experimental systems benzene, and CO. A HAP balanced withp W a

standard gas cylinder was introduced to the reactor
Experiments were carried out in FPR and SDR through a Teflon tube by adjusting the flow rate and
reactors. FPR was a coaxial type. BaJiQellets the concentrations of HAPs and @ith sets of mass
(¢ = 5000 at room temperature) of 1 mm in diameter flow controllers and a gas mixer.
were packed between the two concentric electrodes. Moisture was added to the gas by bubbling water
The schematic and detailed specifications of FPR with it, using a small volume water bath. The flowing
were described in our previous paper [8]. A SDR gas lowered the water temperature by a few degrees
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Celsius, but the estimated water vapor concentration 100 T @E i

remained nearly 2% by volume for all the experi- .

ments. Since the rest of the gas system remained at u ‘

or above room temperature, there was no possibility = g + =

of condensation. 8 -

The concentrations of CO and GQvere overes- = O

timated for the reactions under aerated conditions % 60 1+ O

when they were carried out right after the runs under %’ P O DyNe

deareated condition. Their unexpectedly higher con- 3 @ WwetN,

centrations could be ascribed to the oxidative decom- § g O b a'f

position of carbonaceous materials deposited on the 0T W Wetair

BaTiOs surface. Thus, after the runs under deaerated =

conditions, air was passed through FPR and SDR at [

7kV for 20's to oxidatively remove the above carbon 20 O * y y 1

deposits. 0.0 20 4.0 6.0 8.0
Specific energy density (kJ/L)

2.3. Analysis

Fig. 3. Background gas effect on TCE conversion: reactor, FPR;
) ] TCE concentration, 1000 ppm.
The values of primary power and applied voltage for

FPR and SDR were measured with a digital powerme-
ter (YOKOGAWA WT 110) and a digital wavemeter
(SONY TEKTRONIX STA55W), respectively.

The volatile byproducts were identified by GC-MS
[Shimadzu QP-5050A (El, 70eV)-GC-17A]. The
VOC conversions and byproduct yields were deter-
mined by GC [GC 353 (GL Sciences)].

The concentrations of £and NQ, were measured
on a UV photometric analyzer, SOZ-6300 (Seki Elec-
tronics) and a luminescent NQGanalyzer, NOA 7000
(Shimadzu) [8], respectively.

in nonthermal plasma is interesting because electron
temperature there reaches as high as 40,000K [17]
with gas temperature around at ambient temperature.
Figs. 3 and 4 show the background effect on the con-
versions of TCE and benzene. For each of them, al-
most the same conversions are obtained in dry air and
in dry nitrogen. Since the anaerobic cleavage of their
covalent bonds can occur very fast, contributions of

3. Results and discussion 80 T %
[
_ 0 em
As a measure of the energy efficiency for FPR g EbD e [ |
and SDR, specific energy density (SED) is used later % 0T e a®
(Eq. (1)), where primary power denotes the source D% [
power. The ratio of secondary power (power consump- 2 ol Dom
tion in the reactor) to primary power is ca. 0.3 for both § @ » O DNz
the reactors. & u L4 ‘get'\_lz
. c °® O Dryair
SED(ky/L) = Prmary powerk) @) 8 2°g W Wetar
flow rate(l/s)
3.1. Catalytic effect of BaTiOs in FPR 0 : ! |
0 10 15 20 25

f
5
. . . Specfic energy density (kJ/L
Perovskite oxides such as Bagi@e known to cat- P o y ()

alyze the partial oxidation of hydrocarbons at temper- Frig. 4. Background effect on benzene conversion: reactor, FPR;
atures higher than 600 K[16]. The behavior of BaJiO  benzene concentration, 500 ppm.
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catalytic oxidative decomposition by some active oxy-
gen species and BaTiCare negligible. Humidity de- Fig. 6. Background effect on the CO oxidation: reactor, FPR; CO
pressed the decomposition of TCE and benzene. It is concentration, 1000 ppm.
less likely that BaTiQ catalyzes the formation 60OH
from water and O(D). _ _ _ _ . .
Nitrogen oxides are formed as byproducts in VOC N dry nitrogen and in dry air. The COyields incre-

decomposition, and the suppression of their formation Ments did not exceed 15mol% even in the presence of
is one of the greatest issues at this stage. With FPR umidity. In the oxidation of CO to C§) BaTiG; can-

in nitrogen, NQ formation could be neglected, but not act as an effect.ive catalyst. Even in the presence
considerable amounts of 10 were generated. Fig. 5 ©f Oz, the molar ratios of CO to COdecreased with
shows that MO concentration decreases with reac- the increase of HAP conversion in dry air (Table 1). It
tion time and levels off at different concentrations in "as been reported that G@ields cannot be enhanced
Ny, depending on the magnitude of applied voltage. PY Using BaTiQ coated with precious metals [4] or
These findings suggest that oxygen atoms on the sur-Physical mixtures of BaTi@and M/ALOs [9].
face of BaTiQ are initially consumed in DO for-
mation, and at stationary states, even lattice oxygen 3.2. Synergism of nonthermal plasma
atoms in BaTi@ are consumed in the reaction,® and MnQO; catalyst
formation could not be observed when FPR was not
energized. Thus, it seems that nonthermal plasma ex- With FPR, @ formation was negligible even in air
cites oxygen atoms in BaTi#) This type of active without VOCs, and its maximum concentration was
oxygen species can be also used in the oxidation of lower than 1.5 ppm at 8 kJ/l of SED. On the other hand,
carbon fragments derived from the decomposition of considerable amounts ofzQvere formed with SDR
various VOCs. However, CO formation predominates at higher flow rates (Fig. 7). At 0.5L/min, however,
under these conditions with poor carbon balances. In O3 concentration tended to saturate, suggesting that
the presence of gaseous oxygen, the amounts of NO,an equilibrium is established for the formation and
NO,, and NO increase with @ content and SED.  decomposition of @ Under normal operating condi-
Therefore, contributions of surface reactions are small tions of SDR, flow rate was lower than 0.5 L/min, and
in the presence of gaseous oxygen even with FPR. Oz concentration was not high enough to decompose
CO is one of the least reactive HAPs in nonthermal 1000 ppm of VOCs at residence times shorter than
plasma. Fig. 6 shows that GQields are very poor  1.8s[13].



S Futamura et al./Catalysis Today 72 (2002) 259-265 263

Table 1
Relationship between HAP conversion and £C&lectivity in dry aif
HAP Lowest HAP [CO.J/{[CO] + [CO2]} Highest HAP [CO.J/{[CO] + [CO2]}
conversion (mol%) conversion (mol%)
PhH 32 0.51 79 0.46
CHy=CH;, 30 0.46 98 0.38
CHsCl 21 0.33 76 0.28
CCly 32 0.22 59 0.13
Cl3C—CHs 21 0.46 96 0.32
Cl,C=CHCI 43 0.39 99 0.30
Cl,C=CCl, 29 0.45 98 0.30
CHsBr 16 0.37 73 0.32
CHazBr; 17 0.27 95 0.25
CH3CH2Br 21 0.45 61 0.37

2Reactor: FPR.

From the viewpoint of air pollution control, syner- However, we have newly found that benzene
gism of nonthermal plasma and catalysts should be conversion was greatly increased by serially con-
achieved in the selective generation of active oxy- necting the Mn@ pellet (mesh 22-42) layer (i.d.
gen species and complete oxidation of VOC carbons 10 mmp x 105mm) to the outlet of SDR (Fig. 8).
to CO, because of the large magnitude of reaction When 106 ppm of benzene in dry air was decomposed
energy available in nonthermal plasma itself. The at 0.25L/min of gas flow rate and at 0.6 kJ/L of SED
catalytic activity of BaTi@ could not be enhanced with SDR, benzene conversion is 16% along with
in nonthermal plasma with FPR, which urged us 398 ppm of Q as a byproduct. When the same reactant
to explore the synergistic effect of silent discharge gas is passed through the SDR-MnbBybrid reactor
plasma and catalysts. According to our previous data, under the same conditions, benzene conversion was
no correlation was observed between the amount of increases to 64% with no {present. Fig. 9 shows
O3 formed from gaseous oxygen and the conversions that ca. 10% of benzene was decomposed at the exit
of VOCs such as TCE and GBr under aerated of SDR with 400 ppm of @ formed from Q when
conditions.

100 (
500
SDR o %’ 80 |
3 400 | O Dry air E
g =
c A S 60k
2 300 | o ° 2
£ £ ° 2 o With MnO2
g A 8 40 ® Without MnO2
€ 200 | o o
o A ]
2 i N
c 0.5 L/min c
R 100 } am ) o 20
o) Al 01.0 L/min o
A * A 1.5 L/min
0 0O o L " 0 J
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5 2.0
Specific energy density (kJ/L) Specific energy density (kJ/L)
Fig. 7. Effect of gas flow rate on thezdormation behavior from Fig. 8. Catalytic effect of Mn@in the decomposition of benzene

air with SDR. in air: benzene concentration, 106 ppm; MnQg.
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Inair, SED = 0.6 kJ/L
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Fig. 9. Effect of MNnQ amount on the decomposition of benzene
and G in air: benzene concentration 106 ppm.

no MnGQ; is used. Compared to the concentrations of
benzene and §) that of NG was negligible. The de-
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ocpP) +'A0, 1)
MnO.
034‘
o('D) +3:0, 2)
Fig. 10. Plausible mechanism for Ma@atalyzed decomposition
of Os.

In the TCE decomposition with SDR, its conver-
sion was higher in dry air than in dry JNwithout
MnO, [13]. OCP) is much more reactive with TCE
[k = 5.3x 10713 (cm? per molecule per second)] [18]
than Q is [k = 5.0 x 1029 (cm® per molecule per
second)] [19]. According to Eliasson et al. [20],%B)
is produced in higher concentrations thantDy in
the initial stage of a microdischarge generated with a
type of SDR. It is also well known that éR) acts as
a monooxygenating agent toward aromatic hydrocar-
bons [21]. Although the branching ratio for Egs. (1)
and (2) in Fig. 10 is unknown in the reaction system
of benzene decomposition, the responsible species
could be OFP) rather than GP). It is least likely
that NG was involved in the oxidative decomposition

composition of ozone and benzene is simultaneously of benzene.

promoted with an increase of MnQoading. About
10 molar equivalents of 9was consumed in the de-

On the other hand, £2Jdecomposition was not ob-
served when the (808 ppm)-containing air was

composition of benzene. This value was smaller than passed through the BaTiOpellet layer instead of
the stoichiometric one needed for the complete oxida- MnO, at ambient temperature. These findings show

tion of benzene by @ This fact is ascribed to forma-
tion of CO from benzene and the involvement of i®

that BaTiQ is inactive in @ decomposition at ambi-
ent temperature. Compared to the findings with SDR,

the further oxidation of reaction intermediates. These much lower concentrations of{Qvith FPR cannot be

findings clearly show that Mngpromoted @ decom-
position, accelerating the oxidative decomposition of
benzene.

rationalized by its fast noncatalytic decomposition in
FPR. One possibility is that £reacts with BaTi@-
surface oxygen atoms activated in nonthermal plasma.

Table 2

Effect of SED and humidity on benzene conversion and selectivities of CO anl CO

Run SED (kJ/L) Relative Benzene Selectivity (moI%? CO; yield
idi 0, i 0, - 0,

humidity (%) conversion (mol%) co, co (mol%)

1 0.3 0 36.2 73 27 44

2 0.6 0 64.4 72 28 51

3 15 0 99.5 71 29 65

4 4.2 0 99.8 70 30 80

5 1.5 50 33.4 91 9 71

6 4.2 50 93.1 20 10 81

aReactor: SDR.
b[CO, (x =1 or 2)]{[CO] + {CO]}.
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O3 formation behavior highly depends on nonthermal
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Nature Conservation on the Reduction of Benzene

plasma-generating methods, and the use of pertinentEmission” of Environment Agency, Japan.

catalysts is necessary to utilizesGs an oxidant
precursor in VOC decomposition.

Table 2 shows the effects of SED and humidity on
the benzene conversions and the selectivities of CO
and CQ defined as [CQ (x = 1 or 2)]{[CO] +
[CO2]}. Compared to FPR, higher GGelectivities
are obtained with SDR (Runs 1-4). Both of benzene
conversion and C@selectivity were greatly enhanced
by air humidification (Run 6). If the ratio of secondary
power to primary power can be increased, benzene
could be oxidized to Ce®with much less energy under
humid conditions.

4. Conclusions

Catalytic effects of metal oxides have been dis-
cussed with two different types of nonthermal plasma
reactors: ferroelectric packed-bed (FPR) and silent dis-
charge (SDR). Barium titanate in FPR can act as a
monooxygenating agent under deaerated conditions,
but its catalytic activity is low in the processes such
as oxidation of VOC carbons and CO,® is pro-
duced from lattice oxygen atoms in barium titanate
and background p but the contribution of this reac-
tion is negligible under aerated conditions. Compared
to FPR, abundant £is generated from air with SDR,
and it is possible to utilize it as an oxidant precursor
in the oxidative decomposition of benzene by com-
bining SDR with a layer of catalyst such as MnO
Benzene is effectively oxidized to GOn humid air
in a SDR-MnQ reactor.
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