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The photodegradation of the toluene and benzene with TiO2 (P25) and UV254+185 nm radiation from an ozone-producing UV lamp w
tudied. The VOCs were decomposed and mineralized efficiently owing to the synergistic effect of photochemical oxidation in the
nd photocatalytic oxidation on the TiO2 surface. The conversion levels obtained with UV254+185 nm photoirradiated TiO2 were much highe

han those with conventional UV sources (UV365 nmand UV254 nm), which suffer from both catalyst deactivation and the generation of ha
ntermediates. The products from the photodegradation of VOCs with the UV254+185 nm photoirradiated TiO2 were mainly mineralized CO2
nd CO, but some water-soluble organic intermediates were also formed under more severe reaction conditions. The water-solub
nd carboxylic intermediates disappeared from the effluent gas stream and were detected in the water impingers. These findings

he intermediates can be washed out by conventional gas washing technique, such as wet scrubber. Excess ozone could be easi
eans of an MnO2 ozone-decomposition catalyst.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs) are commonly found
n the indoor air of residences and office buildings, as well
s in various industrial processes, waste streams, and dis-
osal facilities. Many VOCs can cause headaches, eye, nose,
nd throat irritation, and dizziness. In addition, some are sus-
ected or known human carcinogens[1]. Traditional methods

or removing VOCs from the polluted air stream, such as ab-
orption, incineration, and condensation, have inherent limi-
ation, such as high cost, short and unpredictable life spans,
nd secondary pollution.

∗ Corresponding author. Tel.: +81 48 858 9192; fax: +81 48 858 9542.
E-mail address:seki@env.gse.saitama-u.ac.jp (K. Sekiguchi).

Ultraviolet-induced oxidation techniques, including p
tocatalytic oxidation (PCO) and photochemical oxidat
have been extensively studied as promising methods fo
moving and destroying various VOCs in polluted air. P
using titanium dioxide (TiO2) is cost-effective and can b
carried out at room temperature and atmospheric pres
and the catalyst is stable. Despite these advantages,
critical obstacles to the further application of this techni
have been reported. The generation of undesirable inte
diates, some of which are more toxic than the parent c
pounds, is one limiting factor[2,3]. Catalyst deactivation b
some pollutants, such as aromatic compounds, is also
rious problem[4–8]. In addition, the photoactivity, depen
on the pollutants chemical properties and inhibitory effec
water molecules, which requires to be solved for further
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plications of the photocatalysis. Various approaches to over-
come these drawbacks have been studied in the worldwide,
for instance, the synthesis of nano-sized or visible-light TiO2,
novel metal-deposition methods, and plasma assisted photo-
catalysis, etc.[9–13]. Unfortunately, it is true that informa-
tion for new technology to overcome simultaneously some
drawbacks of conventional photocatalysis is very rare.

On the other hand, some researchers have reported
that irradiation with UV light from an ozone-producing
UV lamp photochemically decomposes tetrachloromethane
(TCM) [14], trichloroethylene (TCE), and aromatics such as
benzene and toluene[15,16]in a humid air stream. However,
this photochemical oxidation method has also its own limita-
tions. The 185 nm emission that forms hydroxyl radicals and
ozone in the gas phase comprises only 5% of the total irradi-
ated UV spectrum. The formation of toxic intermediates or
products resulting from incomplete oxidation of VOCs is also
a serious challenge for practical application of this method.

In this study, we describe the use of an ozone-producing
UV lamp as a UV source of TiO2. We investigated the syn-
ergistic effect of applying photocatalytic and photochemical
degradation to the decomposition of VOCs. Technical pa-
rameters such as residence time, initial concentration, rela-
tive humidity, and the amounts and identities of various by-
products, which must be considered in actual application of
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with a maximum at 254 nm, and a GLZ4 ozone producing
lamp (UV254+185 nm) with a maximum emission at 254 nm
and a minor emission (<5%) at 185 nm. The electric power
consumptions of all the UV lamps were identical (4 W).

2.2. Catalyst preparation

The catalyst was Degussa P25 TiO2 (75% anatase/25% ru-
tile) with a Brunauer–Emmett–Teller (BET) surface area of
50 m2 g−1. A sonicated mixture of 5 g of the TiO2 in 300 ml
of deionized water was dip-coated onto the innermost three
cylinders of the photoreactor, and the cylinders were dried
at 150◦C for 2 h in an oven. The dipping procedure was
repeated four times, and then the cylinders were dried at
150◦C for 24 h. After the dipping procedure, the TiO2 load
on the insides of the cylinders was approximately 40 mg (ca.
0.15 mg cm−2). The surface state of the coated TiO2 and its
catalytic ability were regularly checked by measuring their
toluene decomposition ability at the same reaction condi-
tions. In addition, the cylinders were newly dip-coated with
TiO2 with the same coating procedure every 6 months.

The ozone-decomposition catalyst (Nippon Syokubai Co.
Ltd.) was a honeycomb type consisting of an MnO2 active
element on a TiO2/SiO2 support.

2

re fed
b mv)
w -
t ried
a ining
d pera-
t
t s in-
t ough
t t the
c after
t (1 h).
T rod-
u

C

M d as
t

es
( unds
i -flow
r le
his technique, were studied in the absence and prese
iO2 under UV254+185 nm irradiation. We also evaluated t
eduction of some of the disadvantages associated with c
al photocatalytic oxidation by comparing UV254+185 nmwith
ther UV sources (UV365 nm and UV254 nm). We focused o
hether PCO using UV254+185 nm could efficiently decom
ose high concentrations of VOCs without catalyst deac

ion. For post-treatment of undesirable by-products for
nder severe reaction conditions, PCO may be combined
ther purification. We attempted to identify the water-solu
rganic intermediates to evaluate the utility of using a
ashing technique to eliminate them. Finally, we investig

he photogeneration characteristics of ozone, and the e
ation of ozone by an ozone-decomposition catalyst (O

. Material and methods

.1. Photoreactor and UV sources

The experimental apparatus is illustrated inFig. 1. The
.55 l photoreactor consisted of a Pyrex glass cylinder
ve inner cylinders. The three innermost cylinders w
oated with the TiO2 catalyst, and the UV lamp was loca
t the center of the reactor. The photoreactor was an an
esign having a wire net at the inlet. Such a design will o

he stable reaction by creating a laminar flow in the rea
lthough the highest conversion ratio is not shown. Irra

ion was done with three UV lamps (Sankyo Denki Co. Lt
black light blue lamp (UV365 nm) with a maximum light in

ensity output at 365 nm, a GL4 germicidal lamp (UV254 nm)
f .3. Experimental procedures and methods

Gaseous toluene and benzene, the target VOCs, we
y mixing the standard gas (VOC concentration, 405 pp
ith high-purity clean air (N2:O2 = 8:2; water concentra

ion < 20 ppmv). Water vapor was obtained by passing d
ir through a porous polytetrafluoroethylene tube conta
eionized water at room temperature. The reaction tem

ure was maintained at room temperature (298± 1 K). Before
he gas stream containing the VOCs and water vapor wa
roduced into the photoreactor, humid air was passed thr
he illuminated photoreactor for several hours to pretrea
atalyst. The UV irradiation experiments were started
he inlet and outlet toluene concentrations were equal
he conversion of VOCs and yields of decomposition p
cts were calculated from the following equations:

onversion of VOC (%)= [VOC]inlet − [VOC]outlet

[VOC]inlet
× 100

Decomposition product yield (%)

=

[decomposition product]produced

× product carbon number

[VOC]converted× VOC carbon number
× 100

eanwhile, in this study, a mineralization ratio is define
he sum of product yield of inorganic CO2 and CO.

2,4-Dinitrophenylhydrazine (DNPH)-silica cartridg
Waters Co. Ltd.) were used to sample aldehyde compo
n the gas stream. The sample volume was 40 l at an air
ate of 0.5–0.6 l min−1. The amounts of water-solub
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Fig. 1. Schematic diagram of the experimental apparatus.

organic intermediates were determined from the sum of total
organic carbon (TOC) collected after the effluent gas was
passed through a series of three impingers containing pure
water. The air-flow rate ranged from 0.4 to 0.5 l min−1 for
the sample, and the total sampled gas volume was 100 l.
The water impingers were immersed in an ice/water bath to
improve collection during sampling.

The impinger water was analyzed in detail to identify the
various water-soluble organic intermediates collected in the
water. First, the aldehydes were converted to stable hydrazone
derivatives with a DNPH solution (1:1 molar ratio). After the
derivatization reaction had proceeded for 12 h, the derivatized
aldehydes were analyzed. Second, various carboxylic acid
intermediates were identified by gas chromatography–mass
spectrometry (GC–MS) employing a BF3/n-butanol deriva-
tization technique. Water samples (20 ml) were concentrated
on a rotary evaporator under a vacuum to ca. 0.5 ml and
then almost completely dried in a nitrogen stream. A 14%
BF3/butanol (0.3 ml) mixture was added to the samples, and
the sample and the reagent were allowed to react at 100◦C
for 30 min. Pure water (3 ml) and acetonitrile (0.3 ml) were
added, and the reaction products were extracted with 5 ml
of hexane. The hexane layer was washed with pure water
(6 ml) and concentrated to 50�l [18]. Meanwhile, the reac-
tor containing an MnO2 ozone-decomposition catalyst with
t 3 or.

2
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ence Co. Ltd.) and a flame ionization detector. Aldehydes
collected with both the cartridge and pure water were an-
alyzed by a high-performance liquid chromatography (LC-
9A, Shimadzu Co. Ltd.). A TOC analyzer (TOC 5000, Shi-
madzu Co. Ltd.) was used to quantify water-soluble organic
intermediates collected in the water. The carboxylic acid
derivatives were analyzed by a gas chromatography (GC
17A, Shimadzu Co. Ltd.) and a mass spectrometry (GCMS-
QP5050, Shimadzu Co. Ltd.). An ozone analyzer (UVAD-
1000, Shimadzu Co. Ltd.) was used to continuously monitor
the gaseous ozone. In the UV254+185 nm irradiation experi-
ments, all gaseous ozone in the effluent gas was removed
selectively with a potassium iodide (KI)-coated annular de-
nuder, since ozone cannot only seriously damage the GC col-
umn[19] but also cause experimental error owing to its pow-
erful oxidative effect on most organic compounds.

3. Results and discussion

3.1. Photodegradation of toluene with and without TiO2
under UV254+185 nm irradiation

3.1.1. Effect of relative humidity
The effect of relative humidity on the conversion of

t
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g ,
he volume of 71.2 cmwas set up behind the photoreact

.4. Analytical methods

The VOCs concentration was continuously monito
ith a gas chromatograph (GC 14B, Shimadzu Co. L
quipped with an auto-gassampler and a flame ioniz
etector (FID). CO2 and CO in the effluent gas were a

yzed with a gas chromatograph (GC 15A, Shimadzu
td.) equipped with a methane converter (MT-221, GL S
oluene with and without TiO2 under UV254+185 nm irradi-
tion is illustrated inFig. 2. Regardless of whether TiO2 was
resent, the conversion of toluene increased with inc

ng relative humidity, reaching a peak at 40–50% humi
nd then remaining constant from 40–50% to 80–90%
ll relative humidity levels, the conversion was higher in
resence of TiO2 than in its absence.

When dry air is irradiated with UV254+185 nm, reactive
xygen species including O3 and O(1D) are formed via th
as-phase reactions inEqs. (1)–(4). Moreover, in humid air
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Fig. 2. The effect of relative humidity on toluene conversion with and with-
out TiO2 under UV254+185 nmirradiation. [C7H8]0, 10 ppmv; residence time,
16.5 s.

a large number of hydroxyl radicals are also formed (Eqs.
(5) and (6)) [14–16,20]. Thus, photochemical oxidation of
organic compounds in the gas phase is available owing to
the strong oxidative effect of the abundant reactive species
that form. On the other hand, as TiO2 absorbs UV light with
energy exceeding 3.2 eV, electron–hole pairs are generated
on its surface, and they initiate redox reactions that oxidize
the absorbed pollutants. Photocatalytic oxidation of organic
compounds by hydroxyl radicals, which arise from the ox-
idation of chemisorbed water or OH−, is well understood
[21].

O2 + hν(< 243 nm)→ O(1D) + O(3P) (1)

O(1D) + M → O(3P)+ M (M = O2 or N2) (2)

O(3P)+ O2 + M → O3 + M (3)

O3 + hν(< 310 nm)→ O(1D) + O2 (4)

O(1D) + H2O → 2OH• (5)

H2O + hν → H + OH•, at 185 nm (6)

In the absence of TiO2, the lowest conversion (ca. 12%)
was observed at a humidity of less than 1%, which indicates
the absolute lack of hydroxyl radicals in the reactor. The slight
conversion that was observed was probably due either to pho-
t r or
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et al. [22] have pointed out the possibility that strongly ox-
idizing species, such as hydroxyl radicals and O(1D), are
generated additionally by photodecomposition of O3 on the
TiO2 surface. They also reported that the presence of O3 on
the TiO2 inhibits the recombination of electrons and holes
(h+) and thus augments the formation rate of hydroxyl radi-
cals from basic OH surface groups.

As was the case in the absence of TiO2, the conversion in-
creased with increasing humidity and reached a plateau at hu-
midity levels higher than 40–50%. Many researchers have re-
ported that the conversion of some organics may be hindered
at higher humidity due to competitive adsorption between the
organics and water vapor on active sites[5,23,24]. It seems,
however, that because the amount of TiO2 used in this study
was sufficient to overcome the competition effect between
toluene and water vapor on the surface of TiO2, no reduction
of conversion was observed at high humidity. Consequently,
it became clear that using TiO2 under UV254+185 nm irradia-
tion significantly enhanced the conversion of toluene relative
to the conversion observed with UV irradiation alone, owing
to the combined effect of photochemical oxidation in the gas
phase and photocatalytic oxidation on the TiO2 surface.

3.1.2. Effect of flow rate
Fig. 3 shows the effects of flow rate (residence time) on
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ooxidation by hydroxyl radicals arising from trace wate
o photolysis of toluene. The conversion increased drasti
ith the rise in relative humidity, owing to enhanced pho
hemical oxidation by generation of hydroxyl radicals
qs. (5) and (6)in the gas phase. We attributed the cons
onversion at humidity levels above 40–50% to limitati
n the UV light available to form hydroxyl radicals.

In presence of TiO2, significant conversion of 45% w
bserved even in dry air, which implies the existence of l
umber of active sites on the TiO2 surface. We suppose th

he active sites were mainly hydroxyl radicals arising fr
oth trace water molecules and O3 on the TiO2 surface. Picha
he conversion of toluene in the absence and presence o2
nder UV254+185 nm irradiation. The effects were examin
t initial concentrations of 0.6 and 10 ppmv, respectively.
ffect of the flow rate in the absence of TiO2 differed from tha
bserved in the presence of TiO2. At 0.6 ppmv and in absen
f TiO2, the conversion decreased gradually as flow rate

ncreased from 1.0 to 4.0 l min−1, which corresponds to
ecrease in residence time from 33.0 to 8.3 s. We attrib

he gradual reduction to decreased contact time betwee
eactants and hydroxyl radicals in the gas phase.

In the presence of TiO2, the conversion dropped as
ow rate was reduced from 1.0 to 3.0 l min−1, as was ob
erved without TiO2; but the conversion did not decrease

ig. 3. The effect of flow rate on toluene conversion with and without T2

nder UV254+185 nm irradiation. R.H., ca. 40–50%.
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further at flow rates higher than 3 l min−1. The same behavior
was also observed at an initial concentration of 10 ppmv. Al-
berici and Jardim[25] reported that when the flow through a
photoreactor with a nonporous thin-film TiO2 catalyst config-
uration can be described as laminar, the mass transfer within
the reactor may be limited, and only bulk fluid-to-catalyst
diffusion mass transfer will be important for the reaction of
pollutants. Because our photoreactor was also designed to
create a laminar flow within the reactor, bulk fluid-to-catalyst
diffusion mass transfer will control the reaction between re-
actants and TiO2 at low flow rates. Therefore, the gradual
decrease of conversion from 1.0 to 3.0 l min−1 was probably
due not only to the reduction of contact time in the gas phase
but also to the limited diffusion mass transfer to the TiO2.
However, it seems that the mass transfer by turbulent flow
toward the TiO2 surface was significant at the higher flow
rates (>3 l min−1). Hence, despite the reduced contact time
in the gas phase, the level of conversion could be maintained,
owing to enhanced photocatalytic oxidation on TiO2. These
observations suggest that the photodegradation of VOCs can
be improved by increasing the contact time between the re-
actants and the TiO2, for example, by creating turbulent flow.

3.1.3. Effect of initial concentration
Fig. 4 shows the effects of initial concentration on the
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Table 1
Conversion of toluene and benzene and yields of decomposition products
with TiO2 photoirradiated with three UV sourcesa

VOC UV source Conversion (%) Product yield (%)

CO2 CO HCHO

Toluene UV365 nm 82.6 72.1 12.4 0.57
UV254 nm 83.9 73.4 14.8 0.97
UV254+185 nm 99.9 80.7 18.6 NDb

Benzene UV365 nm 67.1 67.7 21 0.27
UV254 nm 76.1 70.6 18.4 0.2
UV254+185 nm 94.2 78.7 16.9 ND

a [C7H8]0, 0.6 ppmv; residence time, 33 s; R.H., ca. 40%.
b ND, below detection limit.

was clearer at 20 ppmv. These observations also suggest that
UV254+185 nm can efficiently excite the TiO2. We suppose
that when the toluene-containing gas enters in the photore-
actor, is initially degraded via photochemical reaction with
abundant reactive species including hydroxyl radical in the
gas phase, and then some of the residual organic compounds,
including intermediates, transfer by spontaneous gas diffu-
sion onto the photoirradiated TiO2, becoming subject of the
photocatalyitc oxidation. As a result, through the continuous
photochemical and photocatalytic processes, the toluene will
be synergistically converted into nontoxic CO2.

3.2. Comparison of different UV sources

Conversions of toluene and benzene and the yields of de-
composition products obtained with TiO2 irradiated with dif-
ferent UV sources are summarized inTable 1. The conver-
sion of toluene and benzene with UV254+185 nm was much
higher than that observed with UV365 nm and UV254 nm. In
addition, mineralization was enhanced, and the generation of
harmful HCHO was inhibited significantly. When the TiO2
catalyst was irradiated with UV365 nmor UV254 nm, only pho-
tocatalytic oxidation will be of importance for the decom-
position of pollutants, although photolysis of some organics
is feasible under UV254 nm irradiation [26]. However, with
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m
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s The
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hotodegradation of toluene in the absence and presen
iO2 under UV254+185 nm irradiation. High conversion wa
bserved in the range of initial concentrations from 0.
0 ppmv, regardless of the presence of TiO2. However, in tha
oncentration range, the mineralization behavior obse
iffered slightly from the conversion behavior. The min
lization decreased rapidly with the rise of initial conc

ration in the absence of TiO2. In presence of TiO2, how-
ver, a high degree of mineralization, ca. 90%, was obta
ven at 10 ppmv, which confirms the photocatalytic rol
he TiO2 catalyst. Furthermore, the notable effect of T2

ig. 4. The effect of initial concentration on conversion and mineraliza
f toluene with and without TiO2 under UV254+185 nmirradiation. Residenc

ime, 33 s; R.H., ca. 40–50%.
V254+185 nmirradiation, photochemical oxidation in the g
hase and photocatalytic oxidation on the TiO2 surface ar
vailable simultaneously for photodegradation of VOCs
entioned earlier.
The effects of initial concentration on the conversion

oluene were examined with TiO2 under three UV source
UV365 nm, UV254 nm, and UV254+185 nm), and the results a
hown in Fig. 5. At an initial concentration of 0.6 ppm
nd with UV365 nm or UV254 nm irradiation, the conversio
f toluene was approximately 82% and did not drop

onger irradiation times. In contrast, at 10 ppmv, the con
ion dropped drastically with increasing irradiation time.
olor of the catalyst changed from white to brown. It has
uently been reported that catalyst deactivation during
f some aromatic compounds is attributable to irrevers
eposition of less-reactive intermediates on the TiO2 surface

5]. At 0.6 ppmv under UV365 nm or UV254 nm irradiation,
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Fig. 5. The effect of initial concentration on toluene conversion with TiO2

irradiated with three UV sources. Residence time, 33 s; R.H., ca. 40–50%.

the oxidation of the less-reactive intermediates was probably
faster than deposition on the catalyst surface, owed to there
being a sufficient number of active sites on the TiO2. In con-
trast, the very different behavior at 10 ppmv indicates that
severe catalyst deactivation must have occurred.

We found that under UV254+185 nm irradiation, a high
conversion ratio, greater than 95%, was achieved even at
10 ppmv, without any deactivation. The TiO2 catalyst did
not change color during PCO. We suppose that photogen-
erated O3 play a key role in inhibiting catalyst deactiva-
tion by efficiently decomposing carbon deposits on the cat-
alyst surface. The inhibitory effect of catalyst deactivation
by adding the ozone into TiO2/UV process has been previ-
ously reported[17]. These findings indicate that PCO us-
ing UV254+185 nm may be effective for the treatment of gas
streams containing high concentrations of VOCs. The pho-
todegradation of VOCs, therefore, could be increased by the
use of UV254+185 nm, which would overcome some of the
crucial disadvantages associated with classical photocatalytic
degradation.

Table 1shows that the conversion of toluene was higher
than that of benzene no matter what the UV source. Some
studies reported that the rate of reaction of benzene, toluene,
ethylbenzene,o-xylene (BTEX) with hydroxyl radicals de-
creased in the ordero-xylene > ethylbenzene > toluene >
b e dif-

T
C ucts in

R idence

R
R
R
R
R
R

ference in the conversions of toluene and benzene to the dif-
ference in reaction rate with hydroxyl radicals in the gas phase
and on the TiO2 surface[16,23,27].

3.3. Identification of by-products of toluene and benzene
with UV254+185 nmphotoirradiated TiO2

3.3.1. Yield of decomposition products and proportion of
water-soluble organic intermediates

Table 2shows the conversion of toluene and benzene and
the yields of decomposition products, including the water-
soluble portion, under various reaction conditions. The use
of TiO2 under UV254+185 nm irradiation (Run 2) led to an
increase in mineralization to CO2 and CO as well as in con-
version, relative to that observed in the absence of TiO2 (Run
1). The main gaseous products from toluene and benzene
degradation with UV254+185 nm irradiated TiO2 were miner-
alized CO2 and CO. But undesirable organic intermediates
were also generated under severer reaction conditions. Al-
most complete conversion of toluene was achieved at the rel-
atively low concentration of 4 ppmv (Run 3), with conversion
and mineralization values of >99% and 92%, respectively.
Furthermore, most of the formed organic intermediates were
collected in the water impingers, which indicates their water
solubility or polarity. We found that raising the initial con-
centration or flow rate not only reduced toluene conversion
a ic in-
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w e un-
d f the
w zene
(
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e ater
b and
G ed in
T ugh
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enzene in the atmosphere. Therefore, we attributed th

able 2
onversion of toluene and benzene and yields of decomposition prod

un number VOC TiO2 Concentration, res

un 1 C7H8 Without 10 ppmv, 33 s
un 2 C7H8 With 10 ppmv, 33 s
un 3 C7H8 With 4 ppmv, 33 s
un 4 C7H8 With 20 ppmv, 33 s
un 5 C7H8 With 10 ppmv, 16.5 s
un 6 C6H6 With 10 ppmv, 33 s
a R.H., ca. 40–50%.
b WSOC, water-soluble organic compounds.
some reaction conditions with and without TiO2 under UV254+185 nm irradiationa

time Conversion (%) Product yield (%)

CO2 CO WSOCb

89.1 48.9 24.5 10.6
93.5 74.1 16.1 6.0
99.0 75.5 17.1 8.5
79.1 69.3 12.6 12.8
79.9 62.4 13.5 19.3
92.1 78.6 11.6 13.4

nd mineralization but also increased undesirable organ
ermediates (Runs 4 and 5). However, it is worthwhile
ote that the water-soluble organic portion collected in
ater impingers was enhanced with the increase of th
esirable organic intermediates. The collecting effects o
ater were also observed in the photodegradation of ben

Run 6).
We made an effort to quantify the collection of orga

ntermediates by the water impingers. We measured the
ydes in the gas stream before and after it passed th

he water impingers, and we qualitatively and quantitati
valuated the organic intermediates collected in the w
y means of high-performance liquid chromatography
C–MS. The results of these experiments are summariz
able 3andFig. 6. After the effluent gas was passed thro
he water impingers, no aldehydes were detected in th
uent gas stream, which implies that most of them were

ected in the water. This tendency was observed regardle
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Table 3
Aldehyde concentrations in effluent gas stream before and after passing through the water impingers and in the collecting watera

Aldehydes detected Before water impinger (ppbv) After water impinger (ppbv) In the water (ppbv)

Without TiO2

Formaldehyde 100.0 (±10.0) NDb 118.8 (±5.8)
Acetaldehyde 113.7 (±4.1) 8 (±2.1) 80.9 (±14.0)
Benzaldehyde Tracec ND Trace

With TiO2

Formaldehyde 295.0 (±8.0) ND 331.5 (±24.5)
Acetaldehyde 56.9 (±5.2) ND 23.9 (±8.5)
Benzaldehyde Trace ND Trace

a [C7H8]0, 20 ppmv; R.H., 40–50%; residence time, 33 s; collection velocity, 0.4–0.5 l min−1; total collection volume, 100 l.
b ND, below detection limit.
c Trace, below quantification limit.

whether TiO2 was present. Furthermore, most of the disap-
peared aldehydes in the effluent gas stream were detected in
the collecting water.Fig. 6shows the chromatograms of the
various water-soluble organic compounds detected in the col-
lecting water by GC–MS without and with TiO2 catalyst. The
detected compounds included oxalic acid, malonic acid, suc-
cinic acid, pyruvic acid, glyoxylic acid, methylglyoxal, and
4-oxobutanoic acid, maleic acid, which are commonly found
in the atmosphere[18]. Some compounds disappeared or ex-
hibited reduced peak intensity when TiO2 was used. These
results indicate that the formed organic intermediates may
be washed out by conventional gas-washing methods such as
a wet scrubber. On the basis of these results, therefore, we
propose that the combination of PCO using UV254+185 nm
and a gas-washing technique has considerable potential as an
effective method for the purification of refractory VOCs.

On the other hand, the fact that the CO generation rate
exceeded ca. 10% under all the tested reaction conditions is
problematic. The CO generation rate observed at low VOC
levels was negligible, but it may be serious at high VOC
levels, since CO is also a toxic indoor air pollutant. Driessen

F etected e.
[ ns: C2, oxal c
a hylglyo

et al. [28] reported that CO is often one of the main by-
products in many PCO processes of VOCs and that it is not
easily eliminated by PCO, owing to its chemical stability. It is
noteworthy that the oxidation of CO to CO2 was promoted by
the use of TiO2, because the photooxidation may be enhanced
considerably by increasing the contact time of the reactants
and the TiO2 surface. In addition, platinized TiO2 is also
available, which shows a high oxidation rate on CO[29].

3.3.2. Ozone formation and elimination
Fig. 7 shows the ozone-generation characteristics under

some reaction conditions with UV254+185 nm irradiation and
the effect of an ODC. The highest ozone concentration, ca.
140 ppmv, was recorded in dry air without TiO2. We found
that the addition of water vapor and TiO2 reduced the ozone
generation in the reactor. In the reactions without TiO2, most
of 185 nm radiation emitted from the ozone-producing UV
lamp appeared to be spent on reaction with molecular oxy-
gen (Eq. (1)), which allowed significant amounts of gaseous
ozone to form in the gas phase. However, the formation of
ozone was probably inhibited in humid air, due to competi-
ig. 6. Total ion chromatogram of water-soluble organic compounds d
C7H8]0, 20 ppmv; residence time, 33 s; R.H., ca. 40–50%. Abbreviatio
cid); C3�, 3-oxopropanoic acid; C4�, 4-oxobutanoic acid; Me-Gly, met
in the collecting water by GC–MS using a BF3/n-butanol derivatization techniqu
ic acid; C3, malonic acid; C4, succinic acid; C2�, 2-oxoethanoic (glyoxyli
xal; M, maleic acid; Pyr, pyruvic acid; Gly, glyoxal.
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Fig. 7. Ozone-generation characteristics with UV254+185 nm irradiation and
ozone elimination with an MnO2 ODC. Residence time at photoreactor, 33 s;
space velocity at ODC bed, 842 h−1.

tive absorption of the 185 nm radiation by ozone and water
molecules. This suggestion was confirmed by the greater re-
duction in ozone concentration at higher relative humidity.
Pichat et al.[22] reported that since the electron affinity of
ozone is 2.1 eV and that of O2 is 0.44 eV, ozone can more
easily capture the photogenerated electrons on TiO2, form-
ing unstable oxygen species such as O(1D) or O3

−. Hence,
the remarkable reduction of ozone in the presence of TiO2
was probably due to reductive degradation of the ozone on
the TiO2 surface.

The photogenerated excess ozone was degraded using a
MnO2 ODC bed set up downstream the photoreactor. The
ODC exhibited dramatic catalytic activity for the decompo-
sition of surplus ozone, although the activity depended on
relative humidity. Ozone concentrations of 140–65 ppmv at
humidity levels less than 40–50% were decomposed dramati-
cally to World Health Organization-recommended ozone lim-
its in air. We found, however, that humidity levels above 80%
rapidly deactivated the ODC. Ozone in the effluent gas be-
gan to increase with time, which implies the breakdown of
ozone-decomposition ability. We attributed the deactivation
to competition between water molecules and ozone for ad-
sorption on active sites over the catalyst. These findings sug-
gest that dehumidification of effluent gas from photoreactor
is necessary for complete decomposition of the excess ozone
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ual organic compounds, including intermediates, transfer by
spontaneous gas diffusion onto the photoirradiated TiO2,
becoming subject of the photocatalyitc oxidation. Further-
more, the conversion of VOCs by UV254+185 nm photoirra-
diated TiO2 was much higher than that obtained by irradia-
tion with conventional UV sources (UV365 nmand UV254 nm),
and the former showed improvement in some of the cru-
cial disadvantages associated with classical photocatalytic
degradation. In particular, the inhibition of catalyst deacti-
vation may permit the application of this technique to the
treatment of gas streams containing high concentrations of
VOCs. The main gaseous products obtained from VOCs with
the UV254+185 nmirradiated TiO2 were mineralized CO2 and
CO, but undesirable organic intermediates were also gener-
ated under more severe reaction conditions. However, these
intermediates could easily be trapped by water, owing to their
water solubility. Water-soluble aldehydes and carboxylic acid
intermediates disappeared from the effluent gas stream and
were detected in the collection water. This finding indicates
that a gas-washing technique may be useful as post-treatment
of organic intermediates from VOCs photodegradation. Un-
der UV254+185 nm irradiation, both ozone production and its
decomposition by an ODC were dependent on the relative
humidity in the gas stream, which suggests that dehumidi-
fication before the ODC bed is necessary for high levels of
o
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The use of TiO2 with UV254+185 nm irradiation signifi-
antly enhanced the photodegradation of VOCs relativ
V alone, owing to the combined effect of photochem
egradation in the gas phase and photocatalytic degrad
n TiO2. We suppose that when the toluene-containing
nters in the photoreactor, is initially degraded via ph
hemical reaction with abundant reactive species inclu
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zone decomposition.
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