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ABSTRACT

A zeolite-hybrid plasma reactor showed the excellent performance for the toluene
decomposition by the cyclic operations such as long time toluene adsorption followed by
short time plasma discharge. In particular, the decomposition efficiency of toluene was
enhanced by placing the zeolite in the downward position of the plasma region rather than
placing that in the upward position On the other hand, it was found that the fast electron
could not reach in the internal area of the zeolite, which was effective for VOCs plasma
decomposition in gas phase. Then, we investigated the reaction mechanism related to active
oxygen species by tracing the behavior of ozone formed in the reactor. Actualy, the
formation of ozone was suppressed in the zeolite-filled region, although the concentration of
ozone formed in the plasma region gradually increased in the gas flow direction. That is, the
toluene adsorbed on the zeolite was scarcely decomposed in the upward position, while it was
readily decomposed in the downward position. These results can be well explained the
positioning effect of zeolites, and lead to the conclusion that the synergistic effect of plasma
and zeolite was substantially ascribed to the following mechanism; active oxygen species
formed by the plasma diffused easily into the micropore, and then promoted the
decomposition of CsHsCHz adsorbed in the internd area.
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INTRODUCTION

Nonthermal plasma processes have attracted significant interest as a promising technology
for removing volatile organic compounds (VOCs) [1]. Over the last decade, many researchers
have been trying to improve the process efficiency to decompose VOCs using various plasma
reactors, such as pulsed corona [2-4], ferroelectric pellet packed-bed discharge [B], silent
(dielectric barrier) discharge [6], and surface discharge [7, 8] reactors. The feasibility of
plasma processes is imited by energy efficiency and the formation of toxic byproducts. To
improve the energy efficiency and CO, selectivity, a catalyst-combined plasma reactor was
recently designed [9-11]. We have also proposed a nonthermal plasma reactor combined with
an adsorbent [8, 12] and its cyclic plasma operation [13]; VOCs could be removed by
adsorption on the zeolite without energy consumption in plasma-off time, and this was
followed by rapid oxidation during a short plasma-on time.

In this work, we focused on the reaction mechanism. In particular, in order to clarify the
synergistic effect between plasma and zeolite, the enhancement effect for the toluene
decomposition by a zeolite-hybrid reactor was discussed based on the property of zeolites,
and the role and behavior of ozone as significant active species was investigated in detall.

EXPERIMENTAL

Experimental setup

Decomposition of toluene (C7Hs)

The configuration of a surface discharge reactor isillustrated in Fig. 1. A quartz tube (i.d.: 10
mm, thickness: 1.5 mm) was used asadielectric barrier. A spira platinum wire coil (70 turns
in 150 mm) with a 0.3-mm diameter was set in contact with the inner wall of the barrier tube.
A copper foil was wrapped on the outside of the barrier tube as the ground electrode, and the
outer electrode length was 100 mm.

When zeolites were combined with the plasma reactor, i.e., a zeolite-hybrid reactor, zeolite
pellets were placed in the positions of (@) or (b) in the figure. On the basis of the positions in
the gas flow direction, these hybrid reactors were called "upward type" and "downward type"
in thiswork.
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Figure 1. Configuration of a zeolite hybrid reactor.
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The reactant gas consisting of 200 ppm C7Hs, 0.5% H,O, and 20.0% O,, with N> making up
the remaining fraction, was fed into the reactor at a flow rate of 500 cr/min, where a high
AC voltage was applied between the two electrodes. Plasma energy was supplied using an
AC high-voltage neon transformer (24kHz, NEON M-5, LECIP Co., Japan) and the plug-in
power was measured using adigital power meter (WT110, Y okogawa Electric Co., Japan).

The plasma was turned on and off periodically four times for atotal of 160 min (off for 30
min ? on for 10 min ? off for 30 min ? etc.), because cyclic operation improves the
energy efficency, i.e., adsorption followed by plasma decomposition [8, 13].

The effluent gas was measured continuously using a Fourier-transform infrared spectrometer
(FT-IR, FTS135, Bio-Rad Laboratories, USA) equipped with a gas cell (2.4-m-long path, 125
cn? volume, Infrared Analysis Inc., USA) and the total amounts of products were calculated
from the integrated spectra for each component. The amounts of adsorbed components on the
zeolite were measured using temperature-programmed desorption and oxidation (TPD and
TPO). For the TPD process, the zeolite was heated to 500 °C at arate of 10 °C/min and held
at that temperature under a N, atmosphere. After the TPD process, the residua solid carbon
was oxidized at 600 °C under the dry air (20%0, and 80%N). The decomposition efficiency
was evauated using the following equations:

C7Hg decomposition [%] = {(C7Hg)in — (C7Hg)out — (C7Hs)Trp} { (C7Hg)in} * 100

where (C7Hsg)in and (C7Hs)ou are the total input and output of toluene, respectively. (C7Hs)rpp
is the amount of toluene desorbed from the TPD reactor, where the adsorbed toluene could be
eadly desorbed from the zeolite surface without noticeable decomposition.

Measurement of ozone (Og)concentration in a reactor

The reactor having 6 branch pipes as shown in Fig.2 was used for the measurement of O3
distribution in the plasma region The gas was sampling from each branch pipe by a
diaphragm pump, followed by measuring Oz using an ozone- monitor (PG-620H, Ebara
Jitsugyo Co., Ltd., Japan). The zeolite pellets of 1.0g were filled the position indicated in the
dotted line. When the gas flow direction was chosen "Forward"and "Reverse’, the zeolite
position become the arrangement of "upward type" and "downward type", respectively. In
this experiment, the dry air was introduced into the reactor at a flow rate of 500 cnt’/min, and
the input power of 2.0W was applied.
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Figure 2: Configuration of reactor for the monitoring of the ozone distribution
in the plasma region.

Zeolite pellets

Four types of zeolites were used in this work; Naforms of faujasite (NaY) , two types of H-
forms of faujasite (H-Y), Hforms of mordenite (MOR), and Hforms of ferrierite (FER).
These samples molded in the pellet were purchased from Tosoh Co. and Nikky-Universa Co.
Ltd.

RESULTSAND DISCUSSION

Enhancement effect for toluene decomposition and basic properties of zeolites

We reported that the energy efficiency on VOCs plasma decomposition was enhanced by
combining with zeolite-pellets, i.e,, using a zeolite-hybrid plasma reactor [8, 12, 13]. The
enhancement effect was greatly different by zeolite types and its position in the reactor [12,
13]. Table 1 summarizes the decomposition efficiency, zeolite types and its basic properties.
The decomposition efficiency in the downward type was larger 3.7 times than that in a
conventional type reactor, while that in the upward type was 1.2-1.5 times. If their effects
occur simply from plasma and the solid surface activated by plasma, the decomposition
efficiency does not depend on the position of zeolites. However, the positioning effect was
observed on NaY, H-Y and MOR. In particular, the decomposition efficiency in the
downward type differed greatly from zeolite to zeolite. The synergistic effect between plasma
and zeolite was considered based on the following zeolite-properties: the crystal structure
(9ze of the micropore), specific surface area (BET), and acidic property of the solid surface.
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Table 1. Decomposition efficiency in the hybrid plasma reactorsand property of zeolites.

Zeolite C,Hg decomp. [%] Surface area(m?/g) SiIO/AlLQO, Channel. . .
none 15 . . .

Na-Y 21. Up. 52.Down. 750 31 7.4

H-Y(1) 18 55 650 19 74

H-Y(2) 20 50 520 5.6 7.4
MOR 23 35 460 15.2 6.7. 7.0
FER 19 20 270 17.9 43. 55

Crystal structure of zeolites

It is worth noting that the enhancement effect in the FER-hybrid reactor was independent of
the zeolite positiors. FER is differert from other zeolites in the size of the micropore
(Channel). The function of molecular sieving is one of the significant properties of zeolites,
owing to the well-defined crystal structure and the micropore. According to this function,
CsHsCHs (ca. 6 angstrom) do not reach in the internal area of FER through the micropore
(4.3 x 5.5 angstrom). In contrast, the considerable amounts of CsHsCH3 may be adsorbed in
the internal area of NaY, HY and MOR (See table 1). In the upward type reactor, the
enhancement effect was not so different between FER and the others, and not so large. These
results suggested that most of CsHsCH3 adsorbed in the internal area did not decompose. In
other word, the fast electron could not reach in the internal area, which was effective for
VOC decomposition on the gas phase plasmareaction.

Specific surface area of zeolites

At the beginning of this research, we expected the role of zeolites as an adsorbent. The
specific surface area (surface areq) of the zeolite is different by compositions, crystal types,
synthetic methods, binders and so forth. In genera, the larger the surface area is, the larger
the adsorption capacity is.

In the downward type (table 1), the higher the decomposition efficiency was, the larger the
surface area was. However, the data of the surface area is based on a value measured by the
BET adsorption method of N (3.2 angstrom). For example, it is not possible to identically
compare the value of FER in which CgHsCHz can not adsorb inthe internal area as mentioned
before. Then, the relationship between the amount of C¢HsCH3 adsorbed on the zeolite and
the decomposition efficiency was investigated. As shown in Fig. 3, the strong correlation was
observed in the downward type, while no any correlation in the upward type; these are
relative vaues to compare with the result under a conventional plasma reector.
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Figure3 Relationship between decomposition efficiency and adsor ption capacity.

Acidic property

Besides the character as an adsorbent, the acidic property of the zeolite surface is reveded in
many catalytic reactions. The acid amount and acid strength depend on a kind of
cation/proton and a ratio of SIO,/ALO3 in the zeolite framework. As shown in table 1,

however, the character as a catalyst did not affect the decomposition efficiency under plasma
discharge. These findings lead us to believe that the zeolite acts mainly as an adsorbent in the
hybrid plasma reactor.

Role of ozone as active species

Since the fast electron can not reach in the internal area, any activated species form by
plasma may play an important role in the plasma reactor. Therefore, we investigated the
behavior of Os in the zeolite-hybrid reactor, because Os was detectable species among active
chemical species expected under a plasma atmosphere. In the preliminary experiments, it was
also known that CgHsCHs concentrated on H-Y decomposed easily by introducing O3 [12,
13].

Figure 4 shows the relationship between the decomposition efficiency and the Os
concentration after the reaction; these are relative values to compare with the result under the
conventional plasma reactor. The decomposition efficiency in the downward type increased
noticeably with the decrease of Oz, while that in the upward type did not depend on G
concentration. It was suggested that Os formed by plasma diffused easily into the micropore,
and then promoted the decomposition of CsHsCH3 adsorbed in the internd area.
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Figure 4: Relationship between relative decomposition efficiency and relative amount of ozone.

Role of zeolitesand digtribution of ozone in a plasma reactor

The behavior of O3 formation was investigated using the reactor as shown in Fig. 2 The
distribution of Os in the reactor in the absence of CsHsCH3 and HO is shown in Fig. 5 (a)
and (b). When the gas flow direction was chosen "Forward" and "Reverse", the reactor
arrangement became "upward type' and "downward type", respectively. Ozone formed
immediately in the edge (0 or 100 mm) of the ground electrode, and its concentration
gradually increased in the flow direction of gas. In the conventiona type, i.e., without
zeolites, the same results were definitely obtained independent of the flow direction. The
average of Oz concentrationwas shown in the dotted line.

Figure 6 shows the distribution of O3 concentration in the hybrid reactor with H-Y of 1.0g
during plasma discharge. The dotted line shows the result without the zeolite, again. When H-
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Figure 5: Ozone distribution in the conventional plasma reactor: (a) Forward and (b) Reverse.

Y was placed in the upward position, O; was not observed in the filled region at al. The
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change of Oz concentration was not observed when the zeolite was placed in the downward
position. The same results were observed even in the case of FER. These findings show that
the formation of O3 was suppressed strongly in the region filled with zeolites.

Regardless of the upward and downward positions, the amount of CsHsCH3 adsorbed on the
zeolite was the same, i.e., the adsorption time for 30 min before plasma discharge. However,
the decomposition efficiency in the upward type did not depend on the type of the zeolite
(table 1), and was equd to or lower than that in the downward type. The zeolite in the upward
position seemed to be not obtained enough O3z to decompose the CgHsCHs adsorbed.
Therefore, reaction mechanism in the upward type was mainly the direct plasma
decomposition of CgHsCHs in gas phase. Furthermore, the additional effect might be
occurred from the decomposition of GHsCHz adsorbed on the externa sites of zeolites. It
was reported that, in NaY, the external surface area is less than 5% of the total surface area
[14]. In addition, it was aso known that not only micropores but also macropores (300-1000
nm) were created in zeolite pellets, since small amounts of binder were used in the molding
of zeolites [15, 16]. By the way, a lot of O; existed in the downstream position enough to
decompose CsHsCH3 adsorbed in the internal area
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Figure 6: Ozone distribution in the zeolite-hybrid plasma reactor: (a) Forward and (b) Reverse.
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Reactivity of toluene adsorbed on zeolites

It is well-known that the oxidation ability of O; for VOCs is not so high, e.g., Os can not
oxidize CgHsCH3 directly in gas phase. However, GHsCH3 adsorbed on H-Y was easily
decomposed by Os in the zeolite-hybrid plasma reactor of downward type [13]. In the case of
VOCs oxidation by O3 on catalysts, it was reported that the atomic oxygen were derived from
O3 decomposition on catalysts, and then followed by oxidizing VOCs [17]. These catalysts
are required the appropriate decomposition ability for Os.
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Figure 7: Concentration of ozone at the downstream of the zeolite layers:
(a) none, (b) 1.0g, (c) 2.0g and (d) 3.0g.
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The decomposition of O3 was investigated on H-Y. Figure 7 shows the concentrationof Oz in
the downstream of the H-Y bedsin which 1.0 to 3.0g of H-Y were filled. The decomposition
of Oz was not observed at all. We can not accept the mechanism based on VOCs oxidation by
O3 on the zeolite as a catalyst. That is, it should be pointed out that the chemical bond of the
CsHsCHs molecule was weakened by strongly adsorbing on the solid surface. The micropore
of zeolites as a catalyst was expected not only the function of molecular sieving but also the
reaction space having a specific electric field derived from well-defined crystal structure.
These results suggested that CsHsCHs adsorbed strongly on the zeolite easily decomposed
even by gas phase Os.

CONCLUSIONS

The enhancement effect for toluene decomposition was greatly different by the position and

the type of the zeolite in the zeolite-hybrid plasmareactor. From the relationship between the

decomposition efficiency and the properties of zeolites, the following results were obtained.

i) The decomposition efficiency of toluene was enhanced by placing the zeolite in the
downward position of the plasmaregion rather than placing thet in the upward position

i) The fast electron could not reach in the internal area of the zeolite, which was effective
for VOC plasma decomposition in gas phase.
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i) A part of the enhancement effect derived from the decomposition of CsHsCH3s adsorbed
on the externa area of zeolite.

iv) Ozone formed by the plasma diffused easily into the micropore, and then promoted the
decomposition of toluene adsorbed in the interna area.

V) The chemical bond of toluene molecule was weakened by strongly adsorbing to the solid
surface. In other word, toluene adsorbed on the zeolite easily decomposed even by gas
phase Os.

vi) The maor synergetic effect in the zeolite-hybrid plasma reactor occurred from the
decomposition of toluene adsorbed in the interna area by active oxygen species.

Besides ozone, it can not exclude the involvement of undetectable active oxygen species
suchas O, Oy, O3, OH radica, and so forth under a plasma atmosphere.
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