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Study on photocatalytic degradation of several volatile organic compounds
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Abstract

The gas-phase photolytic and photocatalytic reactions of several aromatics and chlorohydrocarbons were investigated. The experimen-
tal results revealed that chlorohydrocarbons like trichloroethylene, dichloromethane and chloroform could be degraded through either
photolysis or photocatalysis under irradiation of germicidal lamp, and the elimination rate of chlorohydrocarbons through photoly-
sis was quicker than that through photocatalysis. UV light from a germicidal lamp could directly lead to degradation of toluene but
could hardly act on benzene. The photodegradation rate for these volatile organic compounds (VOCs) through photolysis followed an
order: trichloroethylene > chloroform > dichloromethane > toluene > benzene > carbon tetrachloride, and through photocatalysis followed:
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richloroethylene > chloroform > toluene > dichloromethane > benzene > carbon tetrachloride. Besides, a series of modified TiO2 photocat
lysts were prepared by depositing noble metal, doping with transition metal ion, recombining with metal oxides and modifying w
trong acid. Activity of these catalysts was examined upon photocatalytic degradation of benzene as a typical compound that wa
egraded. It indicated that these modification methods could promote the activity of TiO2 catalyst to different extent. The apparent zero-o
eaction rate constant for degrading benzene over SnO2/TiO2 catalyst had the highest value, which was nearly three times as that ov
iO2. But it simultaneously had the lowest rate for mineralizing the objective compound. In spite that Fe3+/TiO2 catalyst behaved slightly le
ctive than SnO2/TiO2 for degradation of benzene, the mineralization rate over Fe3+/TiO2 was the highest one among the prepared cata
2005 Elsevier B.V. All rights reserved.
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. Introduction

A great deal of attention has been given to air quality. The
se of photochemical conversion and photocatalytic oxida-

ion technology to eliminate organic hazardous chemicals
as attracted considerable interests in recent years[1–3].
hotolytic degradation of a variety of VOCs has been well
tudied, and it was demonstrated to be a simple and efficient
echnique to purify the polluted air[4–8]. Nevertheless,
nly some particular molecules with photochemical activity
ould be degraded through photolysis, and a large number
f VOCs were still hard to be processed. It has been
ccepted that the photocatalytic processes has a potential
bility to degrade most of organic compounds. Studies on
hotocatalytic degradation of a variety of volatile organic
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compounds (VOCs) were frequently documented. Alb
and Jardim[9] investigated the photocatalysis of 17 VO
and compared their reactivity on the basis of conver
efficiency and kinetics parameters. Photocatalytic oxida
of chlorohydrocarbons has become an active field, m
focused on the preparation of catalytic materials, rea
mechanisms and kinetic discussions[10–13]. Besides, i
was demonstrated that aromatics like benzene and to
were hard to be degraded through photocatalysis. M
efforts had been made on photocatalytic degradation of
compounds[14–18]. However, it was still impracticab
to compare the results obtained from different literat
because of the large variety of photoreactor concepts, la
experimental conditions and analytical methods used.

For the photocatalyst, TiO2 was widely used due to i
high activity. It was shown that the activity of TiO2 could
be enhanced through series of methods. Benefits of m
fications to a photocatalyst can be summarized as foll
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(1) inhibiting electron–hole recombination by increasing the
charge separation, (2) increasing the wavelength response
range and (3) changing the selectivity or yield of a particular
product. The most typical modification methods involve
depositing noble metals, doping transition metal ions,
combining with semiconductors and modifying with other
substances[19–24]. But comparison of these modification
methods was rarely done for one certain reaction. In this
work, gas-phase photolytic and photocatalytic reactions of
several chlorohydrocarbons and aromatics were examined
for comparing their reactivity. Subsequently, benzene was
chosen as a typical compound to evaluate the catalysts
modified via varied methods.

2. Experimental

2.1. Photocatalyst preparation

All photocatalysts used in this work were based on TiO2.
Commercially available TiO2 powder (Degussa P25) was
used as a referenced catalyst. Ag and Pt as noble metal was
deposited on P25 TiO2 with a proportion of 0.5 wt% using a
photo-reduction method described by Siemon et al.[19] and
Sung-Suh et al.[20]. Firstly, 5 g P25 TiO2 was suspended in
distilled water, and a calculated volume of 2.0 mM HPtCl
s was
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Fig. 1. Schematic drawing of photoreactor.

after stirring for 72 h and ageing for a week. Then, a mixture
of SnO2 sol and TiO2 sol was obtained with a proportion of
Sn:Ti = 1:9, and dried at 120◦C. The above catalysts based
on sol–gel method were calcined at 500◦C for 3 h to obtain
TiO2 of anatase.

2.2. Photolytic reaction

The gas-phase photolytic and photocatalytic reactions of
VOCs were carried out in a self-designed batch photoreac-
tor, as illustrated inFig. 1. It was composed of a quartz light
window of approximately 100 cm2 and a columnar stainless
steel chamber with 10 cm diameter and 25 cm length, both of
which were adhered together with thermomelting adhesive
to form a space of approximately 3.3 L. VOCs vapors were
generated by a method of static vacuum, i.e. to degas the reac-
tor, to inject VOC liquid into the chamber with a syringe and
then introduce air upon complete vaporization. UV light from
germicidal lamp of 8 W (253.7 nm peak density) was intro-
duced into the reactor through a quartz light window. The UV
light irradiation intensity into the reactor was measured with
a UV-B-254 nm ultraviolet irradiator (Photoelectric Instru-
ment Factory of Beijing Normal University) close up to the
inner surface of light window.

Vapor and gas concentrations in reactor were qualitatively
a alz-
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olution (or AgNO3 solution) was added. The suspension
rradiated with a 250 W high-pressure mercury lamp for
nder vigorous stirring. Then, the samples were washed
ith distilled water, centrifuged, dried at 120◦C.
TiO2 series catalysts were also prepared by sol–gel me

sing Ti(OC4H9)4 as precursor in ethanol. Hydrolysis of
i(OC4H9)4 solution was achieved by adding certain volu
f distilled water. The proportion (v/v) of the raw materi

ollowed: Ti(OC4H9)4:C2H5OH:H2O = 3:24:1. A light yel-
ow sol was obtained, aging for 24 h at room tempera
nd dried at 80◦C for 48 h. TiO2 powder was then obtaine
y calcinating the dried gel. Doped TiO2 were synthesize
sing almost the same method. Fe3+ and Pb2+ were doped

nto TiO2 catalyst with a proportion of 0.5% by adding a c
ain amount of Fe(NO3)3 or Pb(NO3)2 in the water prior to
ydrolysis of Ti(OC4H9) [21]. Sulphation of TiO2 was per

ormed by impregnating the dried gel (pretreated at 20◦C
or 2 h) in 1 M H2SO4 (50 mL/g) for 6 h, the suspension w
hen centrifuged and dried at 120◦C [22]. For the synthe
is of WO3/TiO2 a modification method described by Li
l. [23] was applied. After the TiO2 sol was synthesized
escribed above, a calculated volume of ammonium tung
NH4)10H2W12O42·4H2O solution was added drop-wise
he sol under vigorous stirring for 2 h, WO3/TiO2 sample wa
btained in a coupling level of 2.0% after aged for 3 d
he SnO2/TiO2 coupled catalyst was prepared accordin
iu et al.[24]. Firstly, proper proportion of SnCl4·5H2O was
dded into isopropanol and reflux at 60–100◦C for 1 h to
et stannic isopropoxide, and it subsequently hydrolyze
dding certain volume of water, the SnO2 sol was obtaine
nd quantitatively analyzed by a Mass-spectrometer (B
rs OmniStarTM) in a manner of consecutive sampling.
ualitative measurement, standard concentration of CO2 and
OCs vapors should be prepared for calibration.

.3. Photocatalytic reaction

For photocatalytic reactions of VOCs vapors, one c
lend 0.3 g P25 TiO2 powder with small amount of di

illed water and make a uniform coating onto inner sur
f the light window upon air-drying. When UV light irr
iated the light window, the coating of catalyst would
ctivated farthest upon absorbing UV light, and it simu
eously weaken the irradiation intensity into the cham

his could greatly avoid a direct photodegradation of ta
ompounds. It was experimentally observed that quartz
indow caused only 10% loss of UV light irradiation inte
ity. However, the irradiation intensity would decrease f
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0.60 mW/cm2 to 0.025 mW/cm2 when a germicidal lamp of
8 W irradiated through the light window coated with TiO2
layer. This implied that most of the UV light was absorbed
or reflected by TiO2 coating.

Photocatalytic reactions of benzene for evaluating the
prepared catalysts were performed using almost the same
method, but the catalyst (0.3 g) was placed at bottom of the
reactor and received an irradiation intensity of 0.36 mW/cm2

from germicidal lamp. The vapor concentration of benzene
was initially generated as 380 ppm.

3. Results and discussion

3.1. Photolytic and photocatalytic degradation of
several VOCs

Photolytic and photocatalytic reactions of two aromatics
and four chlorohydrocarbons were performed under the

same irradiation intensity of germicidal lamp. The results
were shown inFig. 2. When UV light from germicidal lamp
directly irradiated benzene vapor, degradation did not evi-
dently occur. However, the degradation would be observed
when P25 TiO2 catalyst was coated onto the backface of
light window. The elimination rate of benzene was not very
fast and would gradually slow down along with the reaction
process. Only about 25% of benzene was eliminated upon
2 h-on-irradiation, and 40% of which could be completely
mineralized into CO2. This suggested that benzene was of
those compounds that were difficult to be degraded through
photocatalysis. Except for CO2, no product and intermediate
was detected in the gas phase using a direct sampling
mass spectrometer. This was in accordance with the results
obtained by Hennezel et al.[15], but who further identified
phenol, hydroquinone and 1,4-benzoquinone as major
intermediates adsorbed on the surface of photocatalyst.
To toluene vapor, it behaved unstable under irradiation
of germicidal lamp. Concentration of toluene gradually
Fig. 2. Photolysis and photocat
alysis of several VOCs in air.
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decreased, and little amount of CO2 was generated during
the reaction. And that, the addition of photocatalyst could
remarkably accelerate the elimination rate, more than 90%
of toluene vapor was eliminated upon 2 h-on-irradiation, but
only 16% of which was mineralized into CO2. As compared
with benzene, in spite that the elimination rate of toluene was
much quicker, the mineralization rate (or CO2 generation
rate) was not significantly quicker than that of benzene.
It has been shown that benzylalcohol, benzaldehyde and
benzoic acid were formed on the surface of catalyst during
photocatalytic degradation of toluene[14,15]. Thus, it can
be seen, CH3 group enhanced the reactivity of toluene
molecule, and it may be easily destroyed through photocat-
alytic oxidation, but the aromatic cycle was still hard to be
destroyed.

For reactions of chlorohydrocarbons, it was observed
that all the studied compounds except for CCl4 can be
easily degraded through both photolysis and photocatalysis
under irradiation of germicidal lamp, and the reaction rate
of photolysis was much quicker than that of photocatalysis
under these conditions. In several, when UV light started to
irradiate through the light window, trichloroethylene (TCE)
concentration would sharply decrease down and 99.9% of
TCE vapor was eliminated within 1 min for the vapor of
380 ppm, and CO2 concentration quickly increased to a
maximum value around 500 ppm. However, once the inner
s
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Table 1
The zero-order reaction rate constants for the photolysis and photocatalysis
of several VOCs

VOCs Initial concentration
(ppm)

k (�mol L−1 min−1)

Photolysis Photocatalysis

Trichloroethylene 380 26.6 2.03
Chloroform 420 1.14 0.56
Dichloromethane 520 0.45 0.17
Toluene 290 0.033 0.22
Benzene 400 0.002 0.066
Carbon tetrachloride 360 0.0 0.0

3.2. Photocatalytic degradation of benzene over several
catalysts

It has been experimentally testified that benzene could not
be degraded through photolysis but could be done, despite
slowly, through photocatalysis under irradiation of germi-
cidal lamp. Thus, photocatalytic degradation of benzene as
a typical compound was performed to evaluate the pre-
pared catalysts. An apparent zero-order kinetic equation was
applied to extract the reaction rate constants.

As shown inFig. 3, one could observe that the activity
P25 TiO2 was enhanced by depositing 0.5 wt% of Ag, but
Pt deposited catalyst was not superior to P25 TiO2. Theoret-
ically, the addition of noble metals to TiO2 can accelerate
electrons flowing to the metal from TiO2, and lead to a
decreasing of electron density within TiO2. Accordingly, it
will increase the amount of hydroxyl group and finally result
in enhancing the photocatalytic oxidation activity of the cat-
alyst.

Under these experimental conditions, the pure TiO2 cat-
alyst prepared via sol–gel method behaved less active than
the commercialized P25 TiO2. However, the catalysts based

F nzene
o

urface of light window was coated with TiO2 film, the
egradation rate of TCE would slow down, and it ne
early 10 min to degrade 99% of TCE. The similar phen
na were also observed during photolytic and photocata
egradation of dichloromethane and chloroform, but
limination rates of these two compounds were no

ast as that of TCE. Alberici and Jardim[9] also obtaine
imilar results, and made the degradation of CCl4 possible
hrough photocatalytic reduction by introducing metha
s electron donor. Choi and Hoffmann[12,13] reported

hat degradation of CCl4 could achieve in aqueous soluti
hrough photocatalytic reduction, and H2O acted as a
lectron donor to capture the photo-generated hole. O
ther hand, the photodegradation pathways of chlor
rocarbons could mainly contributed to a direct photol
nd •Cl radical initiated/sensitized oxidation reactio

6]. This implied that CCl bond in chlorohydrocarbo
olecules might be cleaved upon adsorption of UV l

rradiation, and the generated•Cl free radial may subs
uently offence the molecule to accelerate the degrad
ate.

In order to have a kinetic comparison of the photol
nd photocatalytic degradation of these vapors, the app
ero-order reaction rate constants were calculated and
ented inTable 1. It can be seen that the photodegradation
or the VOCs studied through photolysis followed an or
CE > chloroform > dichloromethane > toluene > benzen
arbon tetrachloride, and through photocatalysis follo
n order: TCE > chloroform > toluene > dichloromethan
enzene > carbon tetrachloride.
ig. 3. The zero-order reaction rate constants for photocatalysis of be
n several catalysts.
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Fig. 4. CO2 generation rate for photocatalytic degradation of benzene on
several catalysts.

on sol–gel method with doping Fe3+ and Pb2+ could remark-
ably enhance the activity, and the Fe3+/TiO2 catalyst was
even more active than P25 TiO2. It was believed that the
benefit of transition metal doping was the improved trapping
of electrons to inhibit electron–hole recombination during
illumination [1]. Besides, the activity of TiO2 catalyst could
also be promoted by sulphation modification, as shown in
Fig. 3. Since the acid sites was charged ions over TiO2, which
can accelerate the migration rate of the photo-generated
electron to inhibit electron–hole recombination, and there-
fore increase the efficiency of photocatalytic process. The
recombined semiconductor catalysts prepared in this work
SnO2/TiO2 and WO3/TiO2 also showed a high activity upon
photocatalytic degradation of benzene. The apparent zero-
order reaction rate constant of SnO2/TiO2 was nearly three
times as that of P25 TiO2.

For photocatalytic degradation of benzene over a certain
catalyst, it was found that the increasing rate of CO2 concen-
tration kept constant during the experiment course for 3 h.
Then, the mineralization rate of benzene over a photocata-
lyst can be evaluated by calculating the CO2 generation rate,
and this could also represent the oxidation ability of a cat-
alyst. The obtained results were shown inFig. 4. It can be
seen that CO2 generation rate over P25 TiO2 was basically
higher than over those prepared with sol–gel method, except
f 3+
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the oxidation ability of the generated oxidation species, and
this will go against deep oxidizing a compound like benzene.

Thus, it can be seen, the modification methods via deposit-
ing noble metal, doping with transition metal ion, recombin-
ing with semiconductors and modifying with super strong
acid could promote the activity of TiO2 to different extent. It
seemed that modification of TiO2 catalyst via doping 0.5%
of Fe3+ was the most significant method for photocatalytic
degradation of benzene in both elimination and mineraliza-
tion rate.

4. Conclusions

In conclusion, chlorohydrocarbons except for CCl4 could
be degraded through either photolysis or photocatalysis
under irradiation of germicidal lamp, and the elimination
rate of chlorohydrocarbons through photolysis was quicker
than that through photocatalysis. To aromatics, UV light
from germicidal lamp could directly lead to degradation of
toluene but could hardly act on benzene, the degradation rate
could significantly accelerated by adding TiO2 catalyst to the
reaction system. Modification of TiO2 catalyst via different
methods was demonstrated to be effective for photocatalytic
degradation of benzene. And the Fe3+/TiO2 catalyst behaved
relatively excellent in both elimination and mineralization
r
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or Fe /TiO2 that had the highest value. The SnO2/TiO2
atalyst has a very low CO2 generation rate in spite of i
ighest activity for photodegradation of benzene. Gene

he coupling effect might lead to increasing the charge
ration and extending the energy range of photo-excita

his would finally result in a increasing of the amount of
xidation species over the catalyst to enhance its activity

he other hand, coupling of the semiconductors may virtu
arrow the band gap of the catalyst, this may possibly lo
ate.
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