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Decomposition of toluene by a dielectric barrier discharge
reactor with a catalyst coating electrode

The improvement in the decomposition of volatile organic compounds (VOCs) was investigated by
combining discharge plasma with photocatalyst (TiO2). The reactor consists of a coaxial cylindrical elec-
trode system and dielectric barrier discharge is used for the processing. In order to combine discharge
plasma with photocatalyst, an electrode with photocatalyst was developed as an inner electrode instead
of the conventional metal electrode. Time dependence of toluene decomposition was compared for the
reactors with and without photocatalyst. As a result, in dilute toluene (20-25 ppm) at an energy con-
sumption of 18 J/1, time averaged toluene decomposition rates by the conventional type reactor, the
photocatalyst-plasma reactor with TiOz pellets, the photocatalyst-plasma reactor with TiOz coating
electrode were 31% at 5.8 g/kWh energy efficiency, 45% at 6.9 g/kWh, and 59% at 8.9 g/kWh, respec-
tively. It was found that the combination of the plasma and TiOg was effective for improving toluene
decomposition at lower applied voltages and the lower energy consumption.

1. Introduction

Emission of various volatile organic compounds (VOCs) from the semiconduc-
tor and paint industries is one of the causes of air pollution. Nonthermal plasma
processing has been considered as the effective method to remove VOCs. The pla-
sma processings for removing VOCs include electron beam [1], surface discharge
[2], dielectric barrier discharge (3, 4], ferroelectric packed-bed [5, 6], pulsed corona
[1], [5], DC discharge [7, 8] and microwave discharge processes [9]. However, the
issues to be solved are the improvement of the energy efficiency and the control
of undesirable by-products.

To improve the energy efficiency, utilization of catalyst/adsorbent into pla-
smas has been investigated [10-15]. In this process, if a catalyst can be activated
using the plasma, the energy efficiency may be improved due to synergetic effects
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of catalytic reactions and plasma induced chemical reactions. To activate a cata-
lyst/adsorbent and avoid the generation of undesirable by-products, the control
of plasma state is very important.

In this study, the effect of the combination of plasma with photocatalyst
(TiO2) on the decomposition of VOCs has been investigated experimentally. The
key idea is to use a photocatalyst-coating electrode for a barrier discharge reactor
instead of the conventional metal electrode. Toluene (C¢HsCH3) was chosen due
to a typical VOCs as well as a fact that it exists not only in paint industry but
also in houses. This paper describes the decomposition of dilute toluene using
three types of dielectric barrier discharge plasma reactors.

2. Experimental apparatus

The decomposition of toluene was investigated using three types of reactors
shown in Fig. 1, i.e. (1) a conventional dielectric barrier discharge reactor (a
photocatalyst-free-plasma reactor), (2) a photocatalyst-plasma reactor with TiOg
pellets, and (3) a photocatalyst-plasma reactor with TiOy coating electrode.

The basic configuration of these reactors is the same except for the inner elec-
trodes. The reactor consists of a quartz glass tube of 21 mm inner diameter with
1.5 mm thickness and 300 mm length. The stainless-steel mesh wrapped on the
quartz glass tube was used as an outer electrode. The diameter of the cylindrical
inner electrode is 18.5 mm. The gap distance for discharges is 1.25 mm.

In Fig. 1(b), the inner electrode consists of coaxial placed stainless-steel rings
(o.d. 18.5 mm, width 10 mm, thickness 2 mm) with TiO5 pellets. A commercially
available photocatalyst, pellet of TiO5 with 2 mm in average diameter and a spe-
cific surface area of 250 m?/g (Ishihara Techno Co. Ltd., ST-A31, TiO; content
81 wt.%), was utilized. The TiOs pellets were packed into the grooves formed
by the metal rings as shown in Fig. 1(b). About 17% of inner electrode surface
consist of TiOy pellets. While, in Fig. 1(c), the whole surface of inner electrode
was coated by the paint containing TiOs. This photocatalyst coating was con-
ducted by a paint with a brush coating method using a commercially available
photocatalyst paint (Okitsumo Co. Ltd., ecoatios).

The paint consists of fine TiO3 powder and silicon based resin. Surface/cross-se-
ctional structure of the coating was examined by scanning electron microscopy
(SEM). The thickness of the coating layer was ca 20-30 pm.

The experimental flow loop used in this study is shown schematically in Fig. 2.
As a test gas, air containing toluene was introduced to the reactor. Toluene con-
centration was measured by a gas chromatograph (Shimazu, GC-8A). The gas
flow rate was 0.5-1 1/min.
discharge was triggered after the toluene concentration reached a steady
state. AC high voltage (60 Hz) was applied between the inner and outer elec-
1 diel ic barrier discharge was generated. The discharge power was
ajous figure method [16]. The experiment was carried out at

room temperature and under atmospheric pressure.
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Fig. 3. Comparison of toluene decomposition rate and energy efficiency between the dielectric barrier di-
scharge reactor and the photocatalyst-plasma reactor with TiO2 pellets. Toluene(100 ppm)/Air:1 1/min.

3. Results and discussion

With the present reactors, the dielectric barrier discharge starts at the applied
voltage of 7 kVp-p. Uniform luminescence from the discharge was observed and
its intensity increased with increasing applied voltage. In particular, the discharge
glows uniformly throughout the electrode surface and is not divided into separate
filaments for the case of photocatalyst-plasma reactor with TiOg coating elec-
trode. This is due to the presence of semiconducting TiOy coating layer onto the
inner electrode. It was reported that the distributed resistance of a semiconduc-
ting electrode affected the discharge mode [17]. Discharge power calculated from
the Lissajous figure was between 0.1 to 4 W depending on the applied voltage.

Fig. 3 shows a comparison of toluene decomposition rate between the co-
nventional type reactor and the photocatalyst-plasma reactor with TiOy pellets.
Toluene decomposition rate increased with increasing applied voltage or the in-
put power, whereas higher energy efficiency was obtained at lower applied voltage.
When the combination of the plasma with TiOs was tested, improvement of to-
luene decomposition was observed at lower applied voltages. In the case of the
photocatalyst-plasma reactors, the mechanism of toluene decomposition involves
not only plasma-induced decomposition in the gas phase but also the adsorp-
tion/desorption of toluene on the TiO; as well as catalytic reaction. At lower
applied voltages or lower input powers, plasma decomposition is relatively weak
and adsorption is dominant at the initial stages. While, at higher applied voltages
or higher input powers, plasma decomposition is strong and desorption due to the
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plasma occurs simultaneously. The phenomenon of desorption was confirmed by
the temporal increase of toluene concentration at the outlet of the reactor when
the applied voltage was further increased. Taking into account these phenomena,
in order to enhance the advantage of synergistic effect other experiments were
carried out at lower applied voltages and the lower energy consumption.

Fig. 4 shows the time dependence of the toluene concentrations at the reactor
inlet and the reactor outlet for three types of reactors. Initial concentration of
toluene was set at lower concentration (ca. 20-25 ppm). This is due to the fact
that a higher concentration leads to a strong adsorption of toluene onto the TiO2
surface, resulting in deactivation of TiOz. The gas flow rate was set at 1 1/min,
which corresponds to a gas residence time of 0.9 s. The discharge was started
after the toluene concentration reached a steady state. The applied voltage was
set at 9 kVp-p. The power consumption was 0.3 W. The fluctuation of the con-
centration is due to the change of vapor pressure in the bubbler. The difference
between the inlet and the outlet indicates the amount of toluene decomposed. It
is found that the decomposition of toluene is enhanced in both the photocatalyst-
plasma reactors, especially the photocatalyst-plasma reactor with TiO9 coating
clectrode. It is considered that the gas phase toluene and the toluene adsorbed
on the TiOs were decomposed simultaneously.

The principle processes of the decomposition of toluene are electron and ra-
dical impact dissociation in the discharges [8]. In addition, T i0, activated by
plasma may induce various reactions on the surface of the TiOg, resulting in an
enhanced toluene decomposition. Recently, it was reported that ozone played the
important role for the activation of T 0y [18, 19]. In this study, we have not
measured the gas phase by-products except for CO,. The formation of CO, COq,
03, NO, N30, and HNOj3 was reported as typical by-products [4], (8, 9]. After the
experimental run, the deposition of carbon or some other reaction products was
also identified on both the surface of the inner electrode and the wall of the quartz
glass tube as the solid-phase by- products. It has been confirmed that this tar-like
cubstance could be removed by the plasma in fresh air flow [20]. Moreover, the
co-injection of ozone or hydrogen peroxide into the reactor has been considered
to be effective in the decomposition performance [18].

Fig. 5 shows the time dependence of the toluene decomposition rate and the
energy efficiency for three types of reactors, respectively. Depending on the types
of reactors and operation time, the energy efficiency was approximately between
2 to 14 g/kWh at the low specific energy density (input power [W]/gas flow rate
l/s] = [3/1]) of 18 J/1. In the case of the photocatalyst-plasma reactors, the in-
fluence of the adsorbed toluene still remained during the early period. Due to the
desorption and decomposition processes with time, the surface condition may be
gradually recovered. Hence, the decomposition of toluene increased with time in
spite of generation of by-products. On the other hand, in the case of the photo-
catalyst free-plasma reactor, the toluene decomposition rate decreased with time
due to the deposition of by-products onto both the surface of the inner electrode
and the wall of the reactor. Therefore, the decomposition rate was improved by
using the photocatalyst-plasma reactors.
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Fig. 4. Time dependence of toluene concentration at the inlet and outlet for there types of reac-
tors: (a) dielectric barrier discharge reactor, (b) photocatalyst-plasma reactor with TiOy pellets, (c)
photocatalyst-plasma reactor with TiOg coating electrode.
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with TiO2 coating electrode.
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Based on the data presented in Fig. 5, Table 1 summaries comparison of the de-
composition performance for three types of reactors. At an energy consumption of
18 J/1, time averaged toluene decomposition rates by the conventional type reac-
tor, the photocatalyst-plasma reactor with TiO; pellets, the photocatalyst-plasma
reactor with TiOg coating electrode were 31% at 5.8 g/kWh energy efficiency, 45%
at 6.9 g/kWh, and 59% at 8.9 g/kWh, respectively. It is considered that not only
the difference in effective surface area of TiOs inner electrode in which is in con-
tact with the plasma but also its material difference such as the binder may affect
the decomposition performance between the photocatalyst-plasma reactor with
TiOs pellets and the photocatalyst-plasma reactor with TiO5 coating electrode.
The photocatalyst-plasma reactor with TiO5 coating electrode shows the best
performance for the decomposition of toluene. In addition to the decomposition
performance, the reactor with TiOy coating electrode has advantages over the
reactor with TiOy pellets due to the ease of both fabrication and maintenance.

Table 1. Comparison of time averaged decomposition performance of toluene for
three types of reactors at low power consumption (0.3 W)

Reactor type DBD Reactor PP Reactor with TiO,

without TiO2 | TiOz Pellet | TiO2 Coating

Decomposition rate(%) 31 45 59

Energy efficiency (g/kWh) 5.8 6.9 8.9

Legend:

DBD Reactor without TiO2: Conventional Dielectric Barrier Discharge Reactor

PP Reactor with TiO2 Pellets: Photocatalyst-Plasma Reactor with TiO2 Pellets

PP Reactor with TiO2 Coating: Photocatalyst-Plasma Reactor with TiO2 Coating Electrode

4. Conclusion

The photocatalyst-plasma processing system for VOC treatment was develo-
ped and the decomposition of toluene was investigated experimentally. We used a
photocatalyst-coating electrode for a barrier discharge plasma reactor instead of
the conventional metal electrode. This coating electrode plays an important role
not only in the discharge properties but also in the treatment of toluene in air. It
was found that the combination of the plasma and TiOs was effective for impro-
ving toluene decomposition at lower applied voltages and lower concentration.
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Rozklad toluenu w reaktorze wytadowania dielektrycznego z
elektroda pokrytg katalizatorem

Streszczenie

Badano mozliwod¢ zwigkszenia skutecznosci rozkladu lotnych zwigzkéw organicznych w powietrzu
poprzez jednoczesne zastosowanie plazmy wyladowania elektrycznego i katalizatora (TiO2). Reaktor wy-
tadowania dielektrycznego zbudowany byl z ukladu wspétosiowych elektrod cylindrycznych. Elektroda
wewnetrzna pokryta byla katalizatorem. Poréwnano rozklad toluenu w czasie dla reaktora z katalizato-
rem i bez katalizatora. Wyniki badan wykazaly, ze w mieszaninie powietrza z toluenem (20-25 ppm),
przy zuzyciu energii 18 J/dm3, skutecznosé rozkladu toluenu wynosila: w reaktorze bez katalizatora —
31%, przy wydajnosci 5,8 g/kWh; w reaktorze z pastylkami TiO2 — 45%, przy wydajnosci 6,9 g/kWh;
w reaktorze z roda wewnetrzng pokryta TiO2 — 59%, przy wydajnosci 8,9 g/kWh. Z przeprowadzo-
nych bad ze zastosowanie kombinacji wyladowania dielektrycznego z katalizatorem zwieksza
skutecznosé toluenu w powietrzu przy niskich napieciach zasilania i matym zuzyciu energii.
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2" plasma desorption took place at V, = 10 kV for 30 min. This process was

repeated three times to characterize the plasma desorption and regeneration for
MS-13X which was shown in Fig. 5. It is clear that the quantity of NO desorption
increases with the repeating adsorption. The amount of NO desorption can be
estimated by the ratio of the area of the desorption curve to the total adsorption.
The amount of NO desorption by the first plasma desorption was approximately
7.5% of the total NO adsorbed. ‘

The second desorption was 13% if first adsorption was taken into account or
20% when only second adsorption was considered. The third adsorption was 15%,
if three adsorptions were considered or 38% when only third adsorption was con-
sidered. Speculation for the superior desorption characteristics for the repeated
adsorption is as follows: freshly adsorbed NO laid on top of previously adsorbed
NO, which results in previously adsorbed NO, penetrates further towards the
central pores of MS-13X pellets. The NO after third adsorption was accumulated
near the surface. Therefore, when the plasma was applied, NO can be easily de-
sorbed into the gas stream [5].

The desorption rate can be expressed as the product of concentration and flow
rate. The desorption rate after 2"d adsorption and desorption process was plotted
in Fig. 6. The highest desorption rate was achieved when the flow rate was 5
1/min for the first 5 min but tailed down as time elapsed. It is also clear that the
highest quantity of NO was desorbed with 1.2 1/min flow rate if it was expressed
for 30 min. These results suggest that the short period of plasma desorption with
high flow rate (intermittent desorption) is most preferable operation to achieve
the maximum desorption for the case of NO.

3.4. Adsorption/desorption characteristics for low NO concentration

In the previous study, we used 1,000~4,000 ppm NO . to accelerate the expe-
riments. We needed to confirm the adsorption and desorption characteristics for
low NO concentration (measured as NO,) which is more realistic for industrial
applications. Fig. 7(a) shows the adsorption characteristics for 100 ppm NO,.
The NO, was maintained at 15 ppm after 10 h of operation when the flow rate
was at 1.0 1/min. Adsorbed NO was desorbed using the 20 kHz AC power supply
(Vp = 5 kV). The 100 ppm NO, was condensed to 2,500 ppm after 3 min with the
flow rate of 1.2 1/min as shown in Fig. 7(b). The desorption characteristics was
comparable to Fig. 3 and superior compared with the 60 Hz AC power supply
although the difference of adsorption distribution was not clear at the present
stage.

When the 20 kHz power supply was used, the desorption may be attributed to
both plasma and temperature. The NO, and CO concentrations were measured
when the plasma was applied to MS-13X in air. The reactor surface temperature
reached 170°C and thus the gas temperature in the reactor may be in the range
of 250°C after 3 min of operation as shown in Fig. 8. On the other hand, NO,
and CO generations were as high as 65 ppm and 29 ppm, respectively which was
not reflected during the desorption measurements.




