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bstract

The paper demonstrates that the photocatalytic activity of TiO2 towards the decomposition of gaseous benzene in a batch reactor can be greatly
mproved by loading TiO2 on the surface of Sr2CeO4. The research investigates the optimum loading amount of TiO2 on Sr2CeO4 in enhancing
he photocatalytic activity of TiO2. The prepared photocatalyst was characterized by XRD, UV–vis diffuse reflectance and XPS analyses. TiO2

s loaded on Sr CeO at 773 K. TiO /Sr CeO absorbs much more visible light than TiO . The XPS spectrum shows that there are Ti, O, C, Sr
2 4 2 2 4 2

lements on the surface of the TiO2/Sr2CeO4, and that the binding energy value of Ti2p transfers to a lower value. TiO2/Sr2CeO4 demonstrates
.0 times the photocatalytic activity of pure TiO2. Based upon these observations, the mechanistic role of Sr2CeO4 in the photocatalytic oxidation
eaction has been suggested.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs), especially aromatic
ydrocarbons, are typical pollutants emitted from numerous
rban and industrial sources. Many of the VOCs in common
se are toxic and some are considered to be carcinogenic, muta-
enic, or teratogenic [1]. Among the technologies developed for
he treatment of VOCs, the photocatalytic oxidation process is
onsidered to be a promising technology. Photocatalytic oxida-
ions have an advantage over other technologies, such as thermal
ncineration and catalytic incineration, in that they can efficiently
ecompose low concentrations of VOCs under mild conditions
2]. It is likely that this air purification technology offers strong
dvantages, but deactivation of the titanium dioxide catalyst dur-
ng gas–solid photocatalytic oxidation of air contaminated by
OCs is a serious issue and deserves attention from industrial
pplication and academic researchers [3].
Zhang et al. [4] investigated the gas-phase photocatalytic
eaction of benzene in a recirculation photocatalytic sys-
em. Their results showed that the concentration of benzene
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learly decreased when the initial concentration was less than
00 mg/m3, with no change detected after 140 min when the
nitial concentration up to 300 mg/m3, there is hence no photo-
atalytic activity for higher concentration of benzene. Sauer et al.
5] noted catalyst deactivation for a toluene and perchloroethy-
ene feed mixture in air. Pierre and David [6] treated TiO2 with
ater and HCl, and noticed that when the concentration of ben-

ene was 50 mg/m3, benzene conversion over TiO2/H2O reached
0% and dropped slowly to 30% in about 3 h because of deacti-
ation of photocatalyst. The benzene conversion over TiO2/HCl
emained nearly constant at about 25% for the entire 6 h run due
o its low photocatalytic activity.

The decomposition of volatile organic compounds has been
ifficult because of the low conversion and the common deac-
ivation of photocatalyst. Therefore, it is crucial to prolong
he lifetime of the photocatalyst and enhance its photocatalytic
ctivity. Various techniques have been developed for develop-
ent and modification of the TiO2-based photocatalysts [7].
Sr2CeO4 is blue-white phosphor, it can exhibit photolumi-

escence under excitation with irradiation of ultraviolet rays [8].

he excitation spectra present two broad bands with maxima at
80 and 340 nm and the emission spectrum has a broad band
entered at 465 nm [9]. To our knowledge, there are few reports
n the photocatalytic activity of TiO2 loaded on Sr2CeO4.
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Nomenclature

C0 Initial concentration of gaseous benzene
(mg L−1)

C Concentration of gaseous benzene at monent
(mg L−1)

�Eb The binding energy difference, �Eb =
Eb(Ti2p1/2) − Eb(Ti2p3/2)
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RH Relative humidity (%)
t Reaction time (min)

Benzene is a major indoor and industrial air pollutant, and
t was recommended as one of the eight representative indoor
OCs. In the present paper, benzene was therefore chosen as

he model VOC to investigate the capability with TiO2/Sr2CeO4.
he objective of this work is to prolong the lifetime of the photo-
atalyst and enhance its photocatalytic activity by loading TiO2
nto the fluorescent material Sr2CeO4. This paper presents the
xperimental results and proposes the role of Sr2CeO4 in the
hotocatalytic oxidation reaction.

. Experimental

.1. Preparation of TiO2/Sr2CeO4

All reagents, which were analytic, were purchased from
hendu Kelong chemical reagents factory and used as received.
eionized water was used throughout the experiments.
2.9526 g SrCO3 and 1.7212 g CeO2 were mixed and finely

round in agate mortar for 1 h, then fired at 1273 K in ceramic
rucible for 4 h in air. Finally, the Sr2CeO4 superfine particles
ere obtained.
Precursor solution for TiO2 was prepared by the following

ethod. Tetrabutylorthotitanate (17.2 mL) and diethanolamine
4.8 mL) were dissolved in ethanol (67.28 mL). After stirring
igorously for 2 h at room temperature, a mixed solution of water
0.9 mL) and ethanol (10 mL) was added dropwise to the above
olution under stirring. The resultant alkoxide solution was kept
tanding at room temperature for hydrolysis during 2 h, resulting
n the TiO2 sol. The composition ratio of Ti(OC4H9)4, C2H5OH,

2O and NH(C2H4OH)2 in the starting alkoxide solution was
:26.5:1:1 (in molar ratio). The pure TiO2 powder was prepared
fter calcination the TiO2 gel at 773 K.

The photocatalyst of TiO2/Sr2CeO4 with different loaded
mounts of TiO2 (wt%) was prepared by impregnating method
sing TiO2 sol, then cacinated at 773 K for 2 h.

.2. Charaterization of TiO2/Sr2CeO4

Surface area analysis of TiO2/Sr2CeO4 was carried out by
he Brunauer-Emmet teller (BET) method using Autosorb-ZXF-

5 (Xibei Chemical Institute, China). X-ray diffraction patterns
ere recorded with a DX-1000 X-ray diffraction (XRD) using
u K� radiation, 40 kV, 20 mA. XPS measurement was carried
ut on a spectrometer (XSAM-800, KRATOS Co.) with Mg

3

o

ig. 1. Schematic diagram of the batch photocatalytic reactor: (1) sampling
oint; (2) thermometer; (3) electric fan; (4) bracket; (5) germicidal lamp; (6)
ygrometer.

� anticathode. The UV–vis diffuse reflectance spectrum was
erformed on a spectrometer (TU-1907). Changes in the amount
f TiO2 loading were determined in terms of the Ti4+–H2O2 by
he colorimetric spectrophotometer at 410 nm.

.3. Evaluation of the photocatalysis

Experiments were carried out in a closed stainless steel reac-
or with the volume of 105 L. An electric fan and three 10 W
ermicidal lamps with maximum wavelength of 253.7 nm were
nstalled on a bracket (see Fig. 1). Twenty grams of photocatalyst
owder was dispersed in a thin layer over two aluminum foils
ith the total area of 980 cm2, and the required quantity of liq-
id benzene was injected into the reactor. Once dark-adsorption
quilibrium has been reached, photocatalysis is started by turn-
ng on the UV light source. The initial concentration of benzene
as kept at 1000 mg/m3 for all the experiments. The photocat-

lytic oxidation of benzene was performed under illumination
t 312–313 K to avoid condensation of benzene by placing two
nfrared lamps outside the reactor. The concentration of benzene
as detected by gas-phase chromatogram with FID detector and
DX-101 chromapack column. The gas was withdrawn regu-

arly from the reactor for analysis.
In this paper, the conversion rate was calculated by

C0 − C)/C0, where C is the concentration of the reactant after
rradiation as a function of reaction time and C0 is the concen-
ration of the reactant after adsorption equilibrium and before
he irradiation in the presence of catalyst.

. Results and discussion
.1. Blank experiments

The reference experiments were carried out in two conditions:
ne with illumination but no catalyst, the other with TiO2 (pure
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Table 1
Relationship between benzene conversion and TiO2 loading of TiO2/Sr2CeO4

after reaction for 2 h (RH: 50%)

TiO2 loading (%) Surface area (m2 g−1) Conversion rate (%)

0.5 14.72 35.25
1.0 20.08 50.00
1.5 14.67 45.32
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light regions, TiO2/Sr2CeO4 absorbs much more visible light
than TiO2. The results show that TiO2/Sr2CeO4 can be excited
by visible light.
.0 13.83 40.29

.0 8.89 38.92

iO2 and TiO2/Sr2CeO4) but no illumination. The results show
hat the concentration of benzene (1000 mg/m3) changes so little
nder these conditions that conversion can be ignored. The blank
ests proved the stability of benzene rings. Without illumination
r photocatalyst, benzene is thermodynamically stable. It is also
uggested that dark adsorption for benzene from gas-phase is
mall; therefore, the adsorption equilibrium can be established
uickly.

.2. Photocatalytic activity at different TiO2 loading

In heterogeneous photocatalysis, the photocatalytic activity
f catalyst not only depends on properties of loading species, but
lso on the amount of compound loaded. We investigated the
hotoactivity of different TiO2 loadings on Sr2CeO4. Table 1
hows that the conversion rate of benzene increases and then
rops as the TiO2 loading increases. The highest efficiency of
0% is obtained when the TiO2 loading is 1.0%, then the pho-
odegradation efficiency drops sharply at 4.0%. It is suggested
hat a low content of TiO2 cannot provide enough TiO2 pho-
ocatalyst, while a large amount of TiO2 may lead to a drop
n the conversion of benzene due to the nucleation of TiO2
n the support, which decreases the amount of TiO2 surface.
he data of surface area of different TiO2 loading is consis-

ent with the photocatalytic activity of different TiO2 loadings
n Sr2CeO4. We therefore selected 1.0% of TiO2 loading on
r2CeO4.

.3. Characterization of the catalyst

The XRD patterns of 1.0 wt% TiO2/Sr2CeO4 is shown in
ig. 1. Pure titania exhibits stronger anatase diffraction peaks
f (1 0 1), (0 0 4), (2 0 0) and (2 1 1) at 25.2◦, 37.8◦, 48.04◦ and
5.02◦, respectively, indicating that TiO2/Sr2CeO4 is anatase
nd no rutile is found. All diffraction peaks of B in Fig. 2 can
e assigned to the single-phase Sr2CeO4 with the orthorhombic
tructure. This observation is consistent with the data reported
y Tang et al. [10,11], indicating that pure Sr2CeO4 is obtained
t 1273 K for 4 h,no presence of CeO2, SrCO3, SrCeO3 are
evealed by XRD patterns of 1.0 wt% TiO2/Sr2CeO4. The reac-
ion steps leading to the formation of Sr2CeO4 can be proposed
s follows [12]:
rCO3 + CeO2 → SrCeO3 + CO2

rCeO3 + SrCO3 → Sr2CeO4 + CO2
F
(

ig. 2. The XRD patterns of the catalyst: (A) anatase of TiO2; (B) Sr2CeO4.

ince the pure and loaded titania samples were prepared for use
n the photocatalytic reaction, their UV–vis diffuse reflective
roperties may have had a strong effect on the photocatalytic
ctivity. Fig. 3 shows the diffuse reflectance spectrum of pure
nd loaded TiO2.

As shown in Fig. 2, from 210 to 300 nm, two spectra have an
bvious difference, TiO2/Sr2CeO4 reflects much more ultravio-
et light than TiO2, which indicates that TiO2 absorbs much more
ltraviolet light than TiO2/Sr2CeO4. It is plausible that Sr2CeO4
eflects a portion of ultraviolet light. From 300 to 400 nm, there
s no difference between the two spectra. However, the presence
f Sr2CeO4 clearly changes the spectra of TiO2 in the visible
ig. 3. UV–vis diffuse reflectance spectra: (1) TiO2; (2) TiO2/Sr2CeO4

1.0 wt%).
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3.5. Proposed mechanism

The photocatalytic activity of TiO2 is not high enough to be
useful for industrial purpose [14]. Several methods have been
Fig. 4. XPS survey spectrum for the surface of TiO2/Sr2CeO4.

The XPS spectrum (Fig. 4) shows that there are Ti, O, C, Sr
lements on the surface of the TiO2/Sr2CeO4. The Ti element
esulted from the precursor solution. The O element is assigned
o the precursor solution and Sr2CeO4. The Sr element resulted
rom Sr2CeO4. The C element probably came from the organic
adicals of precursor for the sol–gel method, which were not
ompletely burnt out during heat-treatment. No Ce element was
etected on the surface of the TiO2/Sr2CeO4.

The high resolution XPS spectrum corresponding to the
urface of TiO2 was characterized by a main doublet com-
osed of two symmetric peaks situated at Eb(Ti2p3/2) = 458.9 eV
nd Eb(Ti2p1/2) = 464.6 eV (Table 2), the binding energy dif-
erence, �Eb = Eb(Ti2p1/2) − Eb(Ti2p3/2) was 5.7 eV, as previ-
usly reported in the literature [13], but as for TiO2/Sr2CeO4,
nly Eb(Ti2p3/2) = 458.2 eV was detected, no Eb(Ti2p1/2) was
bserved. Compared with pure TiO2, the Eb(Ti2p3/2) of
iO2/Sr2CeO4 is transferred to a lower value, the result indi-
ates that Ti forms strong radical links through oxygen bridges
ith Sr2CeO4. So, it is obvious that there is stronger interaction
etween Sr2CeO4 and TiO2.

Further information of the surface can be also obtained from
he O (1s) XPS spectrum. The O (1s) peaks of TiO2/Sr2CeO4
re presented in Fig. 5. The peak at 532.45 eV is assigned to the
attice oxygen of Sr2CeO4 crystal (O2−) and the lower binding
nergy 527.9 eV corresponded to O2− ion at the bridging site on
he topmost layer of the Sr2CeO4 surface. The peak at 529.5 eV

s assigned to O (1s) (TiO2), the peak at 530.5 eV corresponded
o O (1s) (C O).

able 2
eak fitting results of the high-resolution spectra of the Ti2p

ample Ti2p

Eb(Ti2p1/2) Eb(Ti2p3/2) �Eb

iO2 464.6 458.9 5.7
iO2/Sr2CeO4 – 458.2 – F

R

Fig. 5. O (1s) XPS spectrum.

.4. Comparison the photoactivity of TiO2/Sr2CeO4 and
iO2

The photocatalytic activity of TiO2/Sr2CeO4 and TiO2 are
ompared and presented in Fig. 6.

As shown in Fig. 6, in the process of decomposing, the
ure TiO2 deactivates after 2 h, and the maximum conversion
f 32.0% is reached after 2 h, while the 1.0 wt% loaded catalyst
xhibits its superiority stability. In the whole process of reaction,
he conversion rate keeps increasing until 4 h when the photocat-
lytic activity begins to decline and the maximum conversion of
5.0% is reached. Moreover, the conversion rate is 2.0 times that
f the pure TiO2. It is seen that the TiO2 loaded on Sr2CeO4 can
rolong the life of photocatalyst and enhance the photocatalytic
ctivity of catalyst.
ig. 6. Conversion of benzene vs. irradiation time: (1) TiO2; (2) TiO2/Sr2CeO4

H: 50%.



204 J. Zhong et al. / Journal of Hazardous

a
i
v
s
t
f

t
o
d
t
T
a
e
4
a
S
f
u
w
w
t
a
f
t
o
t
m

i
h
b
b

h
T

4

o

o
X
fi
l
C
b
p
2
T
w
m
i
r

R

[

[

[

[

[
behavior of WO -Loaded TiO in an oxidation reaction, J. Catal. 191 (2000)
Fig. 7. Scheme depicting electron transfer of TiO2/Sr2CeO4.

ttempted to improve the photocatalytic efficiency, such as press-
ng the recombination of electron–hole pairs and enhancing of
isible light response [15]. In this paper, TiO2/Sr2CeO4 exhibits
tronger photocatalytic activity than pure TiO2. It is plausible
hat the stronger photocatalytic activity of TiO2/Sr2CeO4 results
rom two factors.

The first factor is that the presence of Sr2CeO4 can prolong
he life of electron–hole pairs and reduce the recombination
f electron–hole pairs. The Sr2CeO4 compound possesses one-
imensional chain of edge-sharing CeO6 octahedra, in which
he cerium ion is in the 4+ (IV) state and its 4f shell is empty.
he blue luminescence from Sr2CeO4 was suggested from a lig-
nd O2−-to-metal Ce4+ charge transfer [8]. Considering that an
lectron can be transferred from an oxygen ligand to the empty
f shell of Ce4+, a high spin triplet excited state is formed via
spin forbidden transfer. Therefore, the photoluminescence of
r2CeO4 can be assigned to a ligand O2−-to-metal Ce4+ trans-
er transition of Ce4+ [8,10]. In the present paper, Sr2CeO4 was
sed as support, TiO2 was loaded on the surface of Sr2CeO4,
hen TiO2 absorbs photons (recall the light with the maximum
avelength of 253.7 nm), electrons are excited from the valence

o the conduction band leaving holes behind. When Sr2CeO4
bsorbs ultraviolet ray, ligand O2−-to-metal Ce4+ charge trans-
er forms, it will emit blue light; if the excited electron of TiO2
ransfer to ligand O2− or metal Ce4+, thus the recombination
f electron–hole pairs can be pressed, which result in promo-
ion of the photocatalytic activity of TiO2. The electron transfer
echanism is shown in Fig. 7.
The second factor is TiO2/Sr2CeO4 increases the absorption

n the region 400–850 nm. The emission spectrum of Sr2CeO4
as a broad band centered at 465 nm [10], part of the light emitted
y Sr2CeO4 can excite TiO2, thus the photocatalytic activity can
e promoted.

From the above discussion, it is clear that the two factors
ave a synergy which increases the photocatalytic activity of
iO2/Sr2CeO4.
. Conclusions

The paper revealed that the optimal loading amount of TiO2
n Sr2CeO4 in our experimental condition for the degradation

[

Materials 140 (2007) 200–204

f gaseous benzene was 1 wt%. The characterization results of
RD indicate that TiO2 loaded on Sr2CeO4 is anatase at 773 K
ring temperature. TiO2/Sr2CeO4 absorbs much more visible

ight than TiO2. The XPS spectrum shows that there are Ti, O,
, Sr elements on the surface of the TiO2/Sr2CeO4, and that the
inding energy value of Ti2p transfers to a lower value. In the
rocess of decomposing benzene, the pure TiO2 deactivates after
h, and the maximum conversion of 32.0% is reached after 2 h.
he conversion rate on TiO2/Sr2CeO4 keeps increasing until 4 h
hen the photocatalytic activity begins to decline and the maxi-
um conversion of 65.0% is reached. The proposed mechanism

s synergy of electron transfer and the stronger absorption in the
egion 400–850 nm.
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