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Abstract

The degradations of trace toluene (1.0–20 ppmv) in the gas-phase by O3/UV, TiO2/UV and O3/TiO2/UV were studied. The effects of
the inlet concentration of toluene, flow rate (retention time), relative humidity and ultraviolet (UV) light wavelength on the conversion of
toluene in the three processes were examined, respectively. The experimental results showed that the addition of ozone to the photocatalysis
process could greatly increase the conversion of toluene. In particular, the deactivation of the photocatalyst at high inlet concentration of
toluene was avoided in the presence of ozone. The O3/TiO2/UV process was more efficient than the O3/UV in decomposing toluene in most
cases. And the residual ozone concentration in the O3/TiO2/UV process was much lower than that in the O3/UV process. Among them,
combined photocatalysis and ozonation (O3/TiO2/UV) was the most prospective process for removing trace volatile organic compounds
(VOCs) such as in indoor air.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The pollution of indoor volatile organic compounds
(VOCs) has been increasingly concerned in recent years.
Conventional indoor air purification methods such as fil-
tration, activated carbon adsorption and ionize show their
drawbacks in removing indoor VOCs. Heterogeneous photo-
catalysis is regarded as a promising technique for purifying
indoor VOCs. A large quantity of work has been devoted in
this field in the past decade[1–12]. It seems that many kinds
of air contaminants, such as alkanes, alkenes, alcohols, ke-
tones, chlorinated hydrocarbons, aromatics, etc. could be
successfully degraded in the photocatalysis process. How-
ever, the application of this method has been limited with the
problem of deactivation of photocatalyst and refractory reac-
tion intermediates[13–21]. For example, in the study of pho-
tocatalytic oxidation of heteroatom organics, Peral and Ollis
[13,14] found irreversible catalyst deactivation in the case
of decamethyltetrasiloxane, pyrrole and indole. Larson and
Falconer[15] observed that during trichloroethylene (TCE)
photo-oxidation dichloroacetyl chloride (DCAC) formed
and strongly adsorbed to TiO2, which resultantly reduced
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TCE adsorption. Alberici and Jardim[16] also detected sev-
eral by-products like phosgene, DCAC and trichloroacetyl
chloride while photocatalytically oxidizing tetrachloroethy-
lene, TCE, chloroform and dichloromethane using on-line
mass spectrometry and MS2. Similarly, during gas-phase
photocatalytic oxidation of toluene, benzoic acid accumu-
lated on catalyst and catalyst deactivation occurred[17–20].
The buildup ofo-toluic acid on the catalyst surface may also
be responsible for the apparent loss of catalyst activity during
the photocatalytic oxidation of diluteo-xylene in air[21].

At present, although there are many studies on the in-
fluence of addition of inorganic oxidant on photocatalytic
oxidation of aqueous contaminants[22–30], the studies in
gas-phase is rare[31]. It was demonstrated that the photo-
catalytic oxidation rate of aqueous contaminants and TOC
reduction rate were greatly increased with addition of ox-
idants including ozone[22–27]. Shen and Ku[31] studied
the decomposition of gas-phase TCE by the TiO2/UV pro-
cess in the presence of ozone. They found the addition of
ozone into the TiO2/UV/TCE system with 254 or 365 nm
UV lamp reduced the removal of TCE, possibly because ex-
cessive ozone molecules could scavenge hydroxyl radicals
produced from the excitation of TiO2 by UV radiation.

Toluene is a major indoor and industrial air pollutant, and
it was recommended as one of eight representative indoor
VOCs by a proposed ASHRAE test method for determining
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the effectiveness and capacity of gas-phase air filtration
equipment for indoor air applications[32]. In addition,
catalyst deactivation usually occurred during photocatalytic
oxidation of gaseous toluene[17–20]. Thus, in the present
paper, toluene was chosen as the model VOC to investigate
the effect of added ozone on its photocatalytic oxidation.
The degradation efficiency of toluene by O3/UV, TiO2/UV
and O3/TiO2/UV under various conditions was examined
and compared. Considering its application in indoor air
purification, low initial concentration of toluene (as low as
1.0 ppmv) was adopted in this work.

2. Experimental

2.1. Photocatalyst preparation

The TiO2 photocatalyst film used in this study was pre-
pared by a modified sol–gel method. The yellowish titanium
dioxide sol was prepared by mixing tetrabutylorthotitanate
(Ti(OC4H9)4, C.P.), acetyl acetone (C5H8O, A.R.), deion-
ized water andn-propanol (C3H8O, A.R.) with a volumetric
ratio of 1:0.3:0.4:7 at room temperature. Here acetyl acetone
was a chelating agent and was used to control the hydrol-
ysis of tetrabutylorthotitanate. Then the nanometer carbon
black powder (Degussa Printex L6, the primary particle
size 18 nm and BET surface 265 m2/g) was added in the sol
at the ratio of 1 ml Ti(OC4H9)4:2.35 mg carbon black. The
prepared mixture could remain stable for months at ambient
temperature. While used for coating, the mixture was blend
uniformly by ultrasonic for 10 min. Then the polished alu-
minum sheet was dipped in the mixture. After immersion,
the coated aluminum sheet was dried at room temperature
and then baked at 500◦C for 2 h. After the aluminum sheet
was coated seven times (which was previously optimized), a
thin TiO2 photocatalyst film was coated. The TiO2 film was
very stable and durable without any loss during application.

2.2. Experimental set-up

A schematic diagram of the experimental system for
photo-oxidation is shown inFig. 1(a). The saturated toluene
gas was prepared by passing air through a thermostated sat-
urator containing liquid toluene. The humidified air stream
was generated by bubbling air through a thermostated glass
bottle containing deionized water. Then the saturated toluene
gas was mixed and diluted with humidified air stream at
the gas mixer. The obtained toluene gas stream entered the
photoreactor at flow rates between 1.0 and 5.0 l/min, inlet
toluene concentrations between 1.0 and 20 ppmv and rela-
tive humidity (RH) in the range of 20–60%. Feed toluene
concentrations and relative humidity were set by varying
the ratio of gas flow rates and/or varying the saturator tem-
perature. The ozone air stream (50 ml/min) from ozone gen-
erator was directed into the photoreactor with the specified
production of 10 mg/h.

Fig. 1. (a) Schematic diagram of experimental system for photo-oxidation.
(b) Schematic diagram of photoreactor designed for this application.

The cylindrical photoreactor shown inFig. 1(b)was made
of stainless steel with a diameter of 64 mm and a length of
530 mm, with effective volume 1.44 l. The outside of the
photoreactor was a cooling water sleeve to maintain stable
reaction temperature (20–22◦C). Illumination was generally
provided by a 15 W germicidal lamp with maximum light
intensity output at 254 nm. Only for comparing the effect
of different UV wavelengths, a 15 W black light lamp with
a maximum at 365 nm was used for replacing the germici-
dal lamp. The lamp was fixed at the center of the photore-
actor without any quartz tube protection. The TiO2 coated
aluminum sheet (length 440 mm, height 201 mm and thick-
ness 0.18 mm) closely attached the interior surface of the
photoreactor. For O3/UV process, no catalyst or aluminum
sheet was used.

2.3. Analyses and procedures

The concentration of toluene was analyzed on-line by a
HP5890II model gas chromatograph with a flame ionization
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detector (FID). The gas samples were collected periodically
using a six-way valve with a gas sampling loop (500�l)
and transferred into a packed column (AT OV101) with a
diameter of 3 mm and a column length of 2 m. The gas
chromatograph oven temperature was held at 105◦C and
the detector temperature maintained constant at 250◦C. In
this work, no intermediates from the degradation of toluene
were identified by the gas chromatograph probably due to its
detection limit. The concentrations of ozone in influent and
effluent streams were determined by iodometry method. The
humidity analyzer was used to monitor relative humidity of
the mixed air stream.

After the reactor outlet concentration equaled the reactor
inlet concentration, the lamp was turned on. And after the
photocatalytic (TiO2/UV) or photolytic (UV) steady state
reached, it was kept lasting for at least 150 min. Then the
ozone generator was turned on and ozone air stream en-
tered the photoreactor. The ozone enhanced photo-oxidation
(O3/TiO2/UV or O3/UV) steady state was reached usually
after a few minutes. Similarly, it also lasted at least 150 min.

The conversionC (%) of toluene or ozone was calculated
as follows:

C = (Ci − Co) × 100

Ci

whereCi is the inlet concentration, andCo the outlet con-
centration at steady state.

3. Results and discussion

In the blank tests, the photolysis of toluene by 254 or
365 nm UV irradiation alone was found to be trivial. The
conversion of toluene by ozone alone or combined with TiO2
without irradiation was less than 5% under the experimen-
tal condition studied in this work. Thus, the conversion of
toluene contributed by O3, O3/TiO2, and 254 or 365 nm di-
rect photolysis during the TiO2/UV, O3/UV, O3/TiO2/UV
processes can be neglected.

3.1. Effect of inlet concentration of toluene

The effect of inlet concentrations of toluene on its de-
composition is shown inFig. 2(a). The results correspond to
the flow rate of 3 l/min (retention time 28.8 s) and relative
humidity of 35%. It was found that all the conversions of
toluene in the O3/UV, TiO2/UV and O3/TiO2/UV processes
were decreased when the inlet concentration of toluene in-
creased. However, there are big differences among them. As
for the O3/UV process, the conversion of toluene almost de-
creased linearly in the range of 5–20 ppmv. The conversion
of toluene in the O3/UV process decreased so fast that it was
much lower than that in the O3/TiO2/UV process when the
inlet concentration was larger than 5 ppmv. It demonstrated
that the presence of TiO2 catalyst could greatly enhance the
O3/UV process. As for TiO2/UV process, the conversion of

Fig. 2. (a) Effect of inlet concentration on the conversion of toluene by
O3/UV, TiO2/UV and O3/TiO2/UV processes. Experimental conditions:
254 nm, flow rate 3 l/min, RH 35%. (b) Effect of ozone addition on the
conversion of toluene by TiO2/UV. Experimental conditions: 254 nm, flow
rate 3 l/min, RH 35%.

toluene decreased very slowly when the inlet concentration
was raised from 1.0 to 10 ppmv. And at higher inlet concen-
trations the conversion first dropped quickly with reaction
time and then maintained at low level stably within experi-
mental time. The conversion by TiO2/UV dropped rapidly at
high concentrations is due to the deactivation of TiO2 pho-
tocatalyst, which turned from white to brown. Though in
the O3/TiO2/UV process the conversion of toluene also de-
creased with increase of inlet concentration, it was generally
10% higher than that in the TiO2/UV process at lower con-
centrations and deactivation of photocatalyst did not occur
at higher concentrations. Actually as shown inFig. 2(b), the
addition of ozone could reactivate the photocatalyst, which
was deactivated in the TiO2/UV process at higher concen-
trations. The results indicate the addition of ozone strongly
improve TiO2/UV and avoid the photocatalyst deactivation
at higher concentration.

3.2. Effect of flow rate

Fig. 3 shows the effect of flow rate on the decompo-
sition of toluene conducted at the inlet concentration of
4.7–5.2 ppmv and relative humidity of 35%. It was found that
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Fig. 3. Effect of flow rate on the conversion of toluene by O3/UV,
TiO2/UV and O3/TiO2/UV processes. Experimental conditions: 254 nm,
inlet concentration 4.7–5.2 ppmv, RH 35%.

the conversions of toluene decreased in all processes with
the flow rate increasing from 1.0 to 5.0 l/min corresponding
to the retention time decreasing from 86.4 to 17.3 s. How-
ever, though at low flow rate (≤3 l/min) the conversion rate
in the O3/UV process was the highest, it dropped dramat-
ically and became the lowest at the higher flow rate. The
conversion rate decreased more slowly in O3/TiO2/UV than
that in TiO2/UV with increase of flow rate. The reason of
dramatic drop of conversion in O3/UV was that the retention
time and the concentration of ozone were greatly reduced
when the flow rate increased. For the TiO2/UV process, the
overcast of reaction intermediates decomposed incompletely
led to the decrease of efficiency. Compared with the other
two processes, O3/TiO2/UV was more efficient in decom-
posing toluene at high flow rate.

3.3. Effect of relative humidity of air stream

As previously reported[4,18], the relative humidity could
significantly affect TiO2/UV process. Considering the typi-
cal and comfortable humidity in indoor air, this work stud-
ied the effects of humidity in the range of 20–60% on
the decompositions of toluene by O3/UV, TiO2/UV and
O3/TiO2/UV. The results are shown inFig. 4. It was found
that the O3/UV process was most affected by the change of
relative humidity. The conversion of toluene by O3/UV first
increased greatly with increase of humidity up to 40% and
then slightly decreased at higher humidity, which meant that
40% was the optimal humidity for O3/UV process under the
experimental conditions. As for the processes of TiO2/UV
and O3/TiO2/UV, the effect of humidity is similar to that on
O3/UV, and the optimal humidity is about 35%. However,
TiO2/UV and O3/TiO2/UV were not so significantly affected
by change of relative humidity as O3/UV. In the range stud-
ied in this work, the conversions of toluene were between
78 and 83% for TiO2/UV and between 90 and 93% for O3/
TiO2/UV. These results indicated that O3/TiO2/UV process
was most slightly affected by change of relative humidity.

Fig. 4. Effect of the RH on the conversion of toluene by O3/UV, TiO2/UV
and O3/TiO2/UV processes. Experimental conditions: 254 nm, inlet con-
centration 4.9–5.4 ppmv, flow rate 3 l/min.

The effect of humidity on the decomposition of toluene
was complex. From the experiment results, it was found that
the effect of humidity on the decomposition of toluene by the
TiO2/UV, O3/UV and O3/TiO2/UV processes was two-sided:
a little humidity can improve the decomposition of toluene
while too much humidity will depress the decomposition.
It can be explained that humidity can enhance the genera-
tion of hydroxyl radicals to decompose more contaminant
and at the same time it will impede the contact of toluene
with photocatalyst and ozone to decrease the decomposition
consequently.

3.4. Effect of UV light wavelength

In this work, a 15 W 254 nm germicidal lamp and a 15 W
365 nm black light lamp were used as the UV irradiation
source, respectively. The effect of UV light wavelength
on the decomposition of toluene by O3/UV, TiO2/UV and
O3/TiO2/UV processes is shown inFig. 5. It was found
that in all these three processes the conversion irradiated
with 254 nm UV lamp was much higher than that with

Fig. 5. Effect of UV wavelength on the conversion of toluene by O3/UV,
TiO2/UV and O3/TiO2/UV processes. Experimental conditions: inlet con-
centration 15–15.3 ppmv, flow rate 3 l/min, RH 35%.
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365 nm. In the O3/TiO2/UV process, 92.5% of toluene was
decomposed when irradiated with 254 nm UV lamp, while
only 63.5% was decomposed when irradiated with 365 nm
UV lamp. In O3/UV and TiO2/UV processes, the differ-
ences of degradation efficiency between 254 nm UV lamp
and 365 nm UV lamp were much greater, reaching 51 and
82%, respectively. It was also found that the conversion of
toluene by O3/TiO2/UV was higher than the sum of conver-
sion by O3/UV and TiO2/UV when irradiated with 365 nm
UV lamp, however it was not the case when irradiated with
254 nm.

The significant differences resulted from 254 and 365 nm
UV lamps are mainly due to two reasons. The first one is
that the 254 nm lamp irradiated stronger UV intensity (about
58 W/m2 on its surface) than that by 365 nm (30 W/m2 on
its surface). Thus, much more photons with higher energy
were irradiated by the 254 nm UV lamp, which can basi-
cally explain why the TiO2/UV was much more efficient
with 254 nm UV lamp than with 365 nm lamp. The second
one is their different abilities in decomposing ozone. Ozone
strongly adsorbs 254 nm light and decompose to form hy-
droxyl radical accordingly, while the 365 nm light cannot
efficiently decompose ozone so that no reaction between
ozone and 365 nm light. Thus, the O3/UV is more efficient
while irradiated with 254 nm UV lamp.

As for the ozone enhanced photocatalysis (O3/TiO2/UV),
the generation of hydroxyl radical can be generally described
as follows:

TiO2 + hν → h+ + e− (R1)

h+ + OH− → OH• (R2)

h+ + H2O → OH• + H+ (R3)

O3 + e− → O3
•− (R4)

H+ + O3
•− → HO3

• (R5)

HO3
• → O2 + OH• (R6)

O3 + hν (λ < 310 nm) → O• + O2 (R7)

O• + H2O → 2OH• (R8)

If the irradiation is provided by 254 nm light, ozone acts
not only as electron acceptor but also as a source to generate

Table 1
Outlet concentrations of ozone in O3/UV and O3/TiO2/UV processes

Inlet concentration
of toluene (ppmv)

Flow rate
(l/min)

RH (%) Inlet concentration
of ozone (ppmv)

Outlet concentration
of ozone (ppmv)

Conversion of ozone (%) Conversion of toluene (%)

O3/UV O3/TiO2/UV O3/UV O3/TiO2/UV O3/UV O3/TiO2/UV

4.7–5.2 1.0 35 71.0 6.27 1.60 91.2 97.8 100 95.7
4.7–5.2 3.0 35 23.6 2.00 0.81 91.5 96.6 93.0 92.5
4.7–5.2 5.0 35 14.2 1.03 0.43 92.7 97.0 68.2 87.1
4.7–5.2 3.0 20 23.6 2.84 0.74 88.0 96.9 71.2 89.9
4.7–5.2 3.0 55 23.6 2.19 0.83 90.7 96.5 90.1 91.1
19–20 3.0 35 23.6 1.41 0.81 94.1 96.6 49.7 67.1

hydroxyl radical. However, as Shen and Ku[31] quoted that
ozone could also be a scavenger to hydroxyl radical[33]
expressed as reaction (9), it is reasonable that the conversion
by O3/TiO2/UV irradiated with 254 nm lamp was smaller
than the sum of TiO2/UV and O3/UV:

O3 + OH• → HO2
• + O2 (R9)

If irradiated with 365 nm light, ozone will only act as elec-
tron acceptor, reaction (7) will not occur. And maybe only
a very limited hydroxyl radical was produced and reaction
(9) was not important under experimental condition, so the
conversion by O3/TiO2/UV irradiated with 365 nm light was
much larger than the sum of TiO2/UV and O3/UV.

In addition to above mentioned two reasons, the different
effects of 254 and 365 nm light on photolysis of toluene
were also considered. However, unlike under lower flow rate
and longer retention time, at experimental conditions in this
study the photolysis of toluene was trivial whatever under
254 or 365 nm illumination. Thus, the excitation of toluene
under 254 nm was thought to be a minor contribution.

3.5. Comparison of outlet concentration of ozone

Ozone itself is harmful to human health. The WHO rec-
ommended ozone limit in indoor air is as low as 0.05 ppmv.
The residual ozone concentrations from the O3/UV and
O3/TiO2/UV processes under different conditions are com-
pared inTable 1. It was found that the outlet concentration of
ozone from the O3/TiO2/UV process was only about 40% of
that from the O3/UV process in most cases, which demon-
strated that the O3/TiO2/UV process not only improved the
capabilities of O3/UV and TiO2/UV processes for decom-
posing air contaminants but also reduced the hazardousness
of O3/UV process by lowering the residual ozone concen-
tration. The lower residual ozone from O3/TiO2/UV is un-
derstandable, because in this process ozone is consumed
through three reactions: decamped by UV light, acting as
scavenger to hydroxyl radical and as electron acceptor, while
in the O3/UV process the last reaction does not happen. As
seen fromTable 1, the residual ozone is little affected by the
relative humidity and inlet concentration, while it is greatly
affected by the flow rate. The simple reason is that the ozone
is diluted. Much lower ozone concentration could be ex-
pected at larger flow rate than that conducted in this work.
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4. Conclusion

The decompositions of low-level gaseous toluene in
the O3/UV, TiO2/UV and O3/TiO2/UV processes have
been studied and compared. The O3/UV process was most
affected by inlet concentration, flow rate and humidity.
The conversion of toluene at low level slowly decreased
with increase of inlet concentration in the TiO2/UV and
O3/TiO2/UV processes, not obeying the first order kinetics.
Ozone addition greatly enhanced the capability of TiO2/UV
for decomposing toluene especially at high inlet concentra-
tion and large flow rate, at the same time it avoided the de-
activation of photocatalyst. The TiO2/UV and O3/TiO2/UV
processes were slightly affected by the relative humidity in
the range of 20–55%, the optimal humidity was around 35%
under experimental conditions. Due to difference in decom-
posing ozone, O3/TiO2/UV irradiated with 254 nm light
was more efficient than irradiated with 365 nm light. Ozone
would scavenge hydroxyl radical so that the conversion by
O3/TiO2/UV irradiated with 254 nm was less than the sum
of TiO2/UV and O3/UV. The results obtained have shown
that the O3/TiO2/UV process was more efficient than the
O3/UV and TiO2/UV processes and was the most steady and
applicable technology among them, avoiding photocatalyst
deactivation and reducing residual ozone concentration.
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