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1. Toluene gas (C;Hy in N,) 6. Sampling port 11. Cooler 16. Impinger (water)
2. Clean air (N,:0, =4:1) 7. Ultrasonic oscillator 12. Dimroth condenser 17. Orifice

3. Purified air generator 8. Reactor 13. Ozone scrubber (KI denuder)  18. Pump

4. Flow meter 9. UV lamp 14. Ozone analyzer

5. Gas mixer

10. Magnetic stirrer 15. Wet gas meter

Fig. 1. Schematic of apparatus used for photocatalytic reaction in the ultrasonic mist.





[—
X 30.0K 1.00 um X 30.0K 1.00 um

Fig. 2. SEM images of collected and dried UMP generated from slurries containing (a)
0.10gL", (b)0.50 gL", and (c) 1.0 g L of TiO,.
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Fig. 3. Comparison of toluene removal ratios for the following reaction
conditions: (@) US/UV3ss5/TiO,, (A) US, (®) UVses/TiO,, and (+)
US/TiO,. Toluene concentration, 0.60 ppm; gas flow rate, 1.0 L min'l; TiO,

amount, 1.0 g L.





Decomposition Capture by the mist

products co,, CO
(Water-soluble)

Mist
particle

Water-insoluble
gaseous pollutants

Water-soluble
gaseous pollutants

Fig. 4. Degradation mechanism for gaseous pollutants on the mist surface.
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Fig. 5. Dependence of toluene removal ratio on catalyst amount for the
following reaction conditions: (@) US/UV3es/TiO, and (M) UV34s/TiOs.
Toluene concentration, 0.60 ppm; gas flow rate, 1.0 L min'l; TiO,

concentration, 1.0 g L'l; UV wavelength, 365 nm.
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Fig. 6. Comparison of droplet size number concentrations for various TiO,

catalyst amounts.






Table 1. Comparison of toluene removal ratios and mineralization ratios obtained for
UV36s and UVjsq44185 irradiation. Toluene concentration, 4.0 ppm; gas flow rate, 1.0 L

min'l; TiO, concentration, 1.0 g L

UV lamp Removal ratio Mineralization ratio
(Wavelength) (%) (%)
BLB lamp(365 nm) 65 36

Ozone lamp(254+185 nm) 85 61
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Abstract

Photocatalytic degradation of toluene gas in a mist formed by ultrasonic atomization of
slurried TiO, was studied under various conditions. Upon irradiation at 365 nm, toluene was
decomposed and mineralized by photocatalytic reaction on the mist surface or inside it. The
toluene removal ratio increased as the amount of TiO, in the slurry was increased. Under
UVsas185 irradiation, the mineralization ratio was higher than at 365 nm. We propose that
under UVjs44185 itradiation, toluene was immediately converted to water-soluble intermediates
by direct photolysis and Os oxidation in the gas phase and that these intermediates were
captured in the mist and photocatalytically mineralized to CO and CO,. This paper indicate

that a new effective utilization of ultrasonic mist and TiO, photocatalyst.

Keywords: ultrasonic mist; TiO,; photocatalysis; ozone lamp





1. Introduction

Various types of gaseous pollutants exist in indoor spaces. Ozone oxidation and
photocatalytic degradation of such pollutants using titanium dioxide (TiO,) have been studied
extensively [1,2,3,4,5]. Although these techniques can effectively decompose gaseous
organic pollutants, such as volatile organic compounds (VOCs), to CO and CO,, the
techniques have some problems. For example, appropriate humidity levels are required for
high removal ratios, and considerable amounts of water soluble intermediates are generated as
decomposition products [6].

Ultrasonic atomization is a useful technique for producing fine droplets with diameters
less than 10 um [7,8]. This technique does not need high amounts of energy, compared with
heating, and uses irradiation frequencies in the high ultrasonic range (2.4 MHz) [9].

In this study, TiO, photocatalyst particles were enclosed in a fine water mist by ultrasonic
atomization of a TiO, slurry so that we could both photocatalytically decompose pollutants
and effectively capture water-soluble decomposition intermediates under stable relative
humidity conditions. This ultrasonic mist (UM) containing the photocatalyst particles was
named “UMP”.

Photocatalytic degradation and mineralization of toluene, which we used as a model VOC
gas, were investigated to evaluate the effectiveness of the UMP method and to determine the
optimal amount of TiO, contained in the slurry from which the UMP was generated. In
addition, the influence of UV wavelength (365 nm or 254+185 nm) on the toluene removal

and mineralization ratios was investigated.

2. Experimental

Observation of TiO; particles in the UMP

The UMP was generated with an ultrasonic oscillator (HM-303N, Honda Electron Co.) in
a plastic box containing TiO; slurried in 500 mL of water at room temperature. The UMP was

collected by gravitational deposition on an aluminium foil sheet, and the TiO, particles were
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observed with a scanning electron microscope (SEM, Hitachi High-Technologies Corp.) after
drying at 50 °C for 0.5 h. Slurries containing 0.10, 0.50, 1.0, and 1.5 g L™ of TiO, were
prepared to investigate the influence of the amount of TiO, on a generating droplet size and

total number concentration.

Toluene degradation experiments

A schematic of the experimental setup is shown in Fig. 1. Two UV lamps (Sankyo Denki
Co. Ltd.) were placed inside a Pyrex reactor (ca. 2 L), and a 2.4-MHz ultrasonic oscillator
was placed at the bottom of the reactor. Two types of UV lamps were used in this study: a 4
W black light blue (BLB) lamp (UV3¢s with maximum light intensity at 365 nm, and a 4 W
GLZA4 ozone lamp (UV3s4+185) with two light wavelength emissions, one at 254 nm (main) and
another at 185 nm (5% or less).

A Degussa P25 TiO, photocatalyst (Nippon Aerosil Co. Ltd.) was used in all experiments.
The crystal structure of TiO, was 80% anatase and 20% rutile, and the mean particle diameter
was ca. 21 nm. The surface area of TiO, measured with a BET surface analyzer
(Micromeritics, Flowsorb I11-2305) was 50 m* g™

Toluene gas at concentrations of 0.60 and 4.0 ppm was prepared by dilution of a toluene
standard gas (42.6 ppm/N,, Takachiho Chemical Industrial Co. Ltd.) and was supplied to the
reactor at a flow rate of 1 L min™.

The removal ratios of toluene were investigated for several amounts of TiO; (0, 0.10, 0.50,
and 1.0 g L) in the slurry at a low toluene concentration (0.60 ppm). In addition, the toluene
removal and mineralization ratios obtained with the two UV lamps were investigated for 1.0 g
L' of TiO, at a high toluene concentration (4.0 ppm). For both types of experiments, the
reactor temperature was kept constant at about 25 °C by immersing the reactor in a water bath

with a cooler.

Measurement of UMP size distribution





The droplet size distribution was measured with an Andersen low-volume air sampler
(Tokyo Dylec, AN-200). The collection flow rate and time were 16.7 L min™' and 2 min,
respectively. Particle size distribution was calculated in terms of the aerodynamic diameter
from the filter weight at each stage after collection of the atomized droplets. The weight of
atomized droplets were converted to aerodynamic diameter by assuming that the atomized

droplets were true spheres and using the density of water (1 g cm™).

Analysis

Ozone and toluene concentrations were determined with a UV-absorption ozone analyzer
(Shimadzu, UVAD-1000) and a gas chromatograph with flame ionization detection (GC-FID;
Shimadzu, GC-7A), respectively. The mineralized decomposition products (CO and CO,)
were measured by GC-FID with a methanizer (GL Sciences, MT-221). To identify the
captured intermediates formed by photocatalytic decomposition of toluene in the UMP, total
carbon was measured with a TOC analyzer (Shimadzu, TOC-V) after the outlet flow was

bubbled through a water-filled impinger.

3. Results and discussion

SEM images of TiO; particles in the UMP

To confirm the presence of TiO, particles in the UM, we observed the collected and dried
UM by SEM (Fig. 2). The SEM images indicated that the TiO, particles were in a dispersed
state in the UM, the dried particles were not aggregated in nucleus-like but rather in sparsely
agglutinated shapes. Thus, the UMP induces photocatalysis on its surface when the UMP is

irradiated with UV light.

Toluene removal

Photocatalysis





Time profiles of toluene removal ratios under four reaction conditions are shown in Fig. 3:
ultrasonically generated UM alone (US), US/TiO;, UV345/TiO,, and US/UVies/TiO,. No
toluene was removed under the US or US/TiO, conditions. Because of its hydrophobicity,
toluene was not captured in the UMP under these conditions. When the toluene and mist were
irradiated with UV3es (UV365/TiO, conditions), some of the toluene was decomposed by
photocatalytic reaction at the gas-liquid interface. These results can be concluded from the
fact that TiO, particles in liquid phase were sufficiently dispersed onto the gas-liquid interface,
and therefore labile species formed by TiO, photocatalytic reaction, such as OH radicals that
existed not only in the TiO; surface but also in the gas phase close to the liquid phase. The
emission of such labile species in the gas phase from TiO, surface has been already reported
[10,11]. In addition, under the US/UV/TiO; conditions, it can be concluded that TiO,
particles in UMP were also dispersed onto the gas-liquid interface since toluene was
effectively decomposed by photocatalysis on the UMP surface. Then, the secondary-formed
water-soluble intermediates on the mist surface by photocatalytic reaction were captured in
the UMP. The fact that the intermediates were not detected at the reactor exit when the
experiment was conducted at a toluene concentration of 0.60 ppm indicates that the
intermediates were continuously decomposed and mineralized to CO and CO; in the UMP or
the slurry. From these results, we summarized in Fig. 4 a degradation mechanism for gaseous
pollutants on the mist surface. It is considered that water-soluble gaseous pollutants, which at
difference with toluene, are easily captured in the UMP and decomposed by photocatalytic

reaction in liquid phase.

Effect of catalyst amount on toluene removal ratio

The catalyst amount is an important factor for the generation of the UMP and the removal
of the gaseous pollutants. The effect of catalyst amount on the toluene removal ratio is shown
in Fig. 5. The particle size distribution in the UMP (in terms of the aerodynamic diameter)

was measured for each catalyst amount (0, 0.10, 0.50, 1.0, and 1.5 g L'™"). The size distribution
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data are shown in Fig. 6 for catalyst amounts from 0 to 1.0 g L' (UMP generation did not
occur at 1.5 g L™ of catalyst, because it was considered that ultrasonic wave was inhibited by
large amount of TiO; in the slurry). At almost catalyst levels, the major particle size fraction
was the 2.1-3.3 um fraction. R. J. Lang has reported that an ultrasonic oscillator with a
frequency of approximately 2 MHz forms particles with diameters of approximately 3 pm.
We obtained similar results in this study, and confirmed the relationship between ultrasonic
frequency and particle size [7].

As shown in Fig. 5, the toluene removal ratio increased as the amount of catalyst in the
slurry was increased and as the particle number concentrations in total diameter decreased.
We suggest the following explanations for these results: (1) photocatalytic reactivity increased
as the amount of TiO, increased and (2) the transmission of UV light increased with
decreasing transmission of ultrasonic wave which produce fountain jet to generate the mist
[12,13,14] and decreasing UMP generation [15], because a large number of UMP obstructs
the UV transmission. On the basis of these results, we chose a catalyst amount of 1.0 g L™,
which resulted a relatively high photocatalytic reactivity, as the optimal catalyst amount for

further experiments in this study.

Effect of UV wavelength

The effect of UV wavelength on toluene removal and mineralization was investigated, and
the results are shown in Table 1. The toluene degradation mechanisms for the two UV sources
were different. Under UVsgs irradiation, the usual photocatalytic reaction occurred on the
surface of the TiO, particles suspended in the UMP.

In contrast, when UVjs41135 was used, direct photolysis was accompanied by the
generation of OH radicals from H,O and by the simultaneous generation of Oz from O,. A
high concentration of O3 (ca. 52.0 ppm), which is strongly oxidizing [6], was observed in this
study. The O3 and the OH radicals attacked toluene in the gas phase and converted it

immediately to CO and CO; or to water-soluble intermediate decomposition products. As
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mentioned above, the water-soluble products indicate the high interaction with TiO; in the
UMP. The toluene removal ratio with UVs4:135 was higher than with UV3¢s .These results
indicate that not only toluene decomposition but also toluene mineralization can be

accomplished by irradiation with UV;s44185 in the UMP.

4. Conclusions

We investigated photocatalytic degradation of toluene in a mist generated ultrasonically
from TiO; slurries, and we determined the effects of varying the catalyst amount in the TiO,
slurry and the UV wavelength. Additionally, we confirmed the relationship of toluene
degradation with catalyst amount in the TiO; slurry and number concentration of the UMP.

The following results were obtained:

(1) Toluene was effectively mineralized by photocatalysis using ultrasonic atomization and
TiO, particles without discharge of the water-soluble intermediates into the reactor outlet.

(2) The toluene removal ratio increased as the amount of catalyst in the TiO, slurry was
increased, because the number concentration of particles in the mist decreased with
increasing catalyst amount and UV light effectively irradiated to TiO, on the UMP.

(3) Toluene removal and mineralization ratios obtained with the ozone lamp (UV2s4:135) were
higher than the ratios obtained with the BLB lamp. We suggest that reaction of toluene
with O3 and OH radicals and direct photolysis by UV;s411g5 irradiation converted toluene
to CO and CO; or to water-soluble intermediates, which were then easily captured in the
UMP.

(4) Our results indicate that this process using ultrasonic atomization and TiO; particles could

be an effective and low-cost air purification technique.
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