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bstract

The present study was undertaken to evaluate the degradation performance of 4-chlorophenol (4-CP) using TiO2/WO3 and TiO2/SnO2 systems.
BET surface area analyzer, UV–vis spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD) and electron spectroscopy

or chemical analysis (ESCA) were employed to characterize the photocatalyst. The band edge wavelength increased to 475 nm and gap energy
ecreased to 2.61 eV in the TiO2/WO3 system as compare to the single TiO2. Although the specific surfaces area of TiO2/WO3 decreases due to its
arger size as compared to either TiO2 or WO3, the 4-CP degradation efficiency significantly increased as compared to single TiO2 or WO3 system

t 435 nm wavelength. The TiO2/WO3 degradation of 4-CP at 369 nm was in fact inhibited. For TiO2/SnO2, the degradation efficiency also suffered
t 369 nm, and only slightly increased compared to otherwise hardly 4-CP degraded in single TiO2 or SnO2 system. Since there is a significant
ccumulation of byproducts, the buildup of these intermediates on the catalyst surface may be responsible for their poor performance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Among different advanced oxidation processes, photocat-
lytic processes using semiconductor materials such as TiO2
ave been demonstrated as effective means for organic degra-
ation. The hydroxyl radical mediated reaction depends on the
ype and dosage of catalyst, type and concentration of pollutant,
ight intensity, and operating conditions such as temperature,
H and irradiation time. In order to have a practical application,
he use of visible light source along with an enhanced degrada-
ion rate is essential. This can be achieved via the modification
f semiconductors [1], addition of transition metals [2,3] and
ther element doping [4] as well as use of coupled semiconduc-
ors. Serpone et al. [5] initially proposed interparticle electron

ransfer theory in that light excites semiconductor with a smaller
nergy band gap to photosensitize another semiconductor with
higher electrical potential and larger band gap to enhance pho-

∗ Corresponding author. Fax: +886 5 5334958.
E-mail address: chunghsinwu@yahoo.com.tw (C.-H. Wu).
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ocatalytic reaction. Since then, coupled semiconductors have
een used intensively for organic degradation in both aqueous
nd gas phase, including TiO2/CdS [6,7], TiO2/SnO2 [8–11],
iO2/ZnO [12] and TiO2/WO3 [13,14]. In general, the coupled
ystems exhibit higher degradation rate as well as the increased
xtent of degradation. The studies for comparing the coupled
emiconductors with either UV or visible light; however, are
carce.

Consequently, the present study was undertaken to investi-
ate the capability of coupled semiconductor systems to degrade
model compound (4-chlorpphenol, 4-CP). Two coupled sys-

em were used (TiO2/SnO2 and TiO2/WO3) at wavelength 369
r 435 nm so that the efficiencies of these two light irradia-
ions could be compared. The physical characters of the coupled
ystem were quantified by different methods: BET for the spe-
ific surface area; X-ray defractor (XRD) for crystal structure;
V–vis spectroscopy for determining band edge; scanning elec-
ron microscope (SEM) for size estimate; and X-ray electron
pectroscopy (XPS) for determining distribution of SnO2 or

O3 in TiO2. For comparison, a single system of WO3, TiO2,
r SnO2 was used.

mailto:chunghsinwu@yahoo.com.tw
dx.doi.org/10.1016/j.jhazmat.2007.11.010
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. Materials and methods

.1. Materials

TiO2 (Degussa P-25), SnO2 (99%, Ridel-de-Haen) and WO3
99.9%, Hanawa) were used as received without any pretreat-
ent. The model compound 4-CP was purchased from Avocado
o. Other chemicals used were reagent grade and deionized
ater was used. The coupled TiO2/SnO2 was synthesized via

itric acid complexing method, followed the procedures of Lin
t al. [15]. Briefly, TiCl4 (98%, Fluka) and SnCl4 (99%, Ridel-
e-Haen) was added into the aqueous HCl solution; addition of
itric acid; sonification mixing for 15 min and aging for 24 h;
emoval of HCl and H2O upon heating; calcined the resultant
recipitate at 400 ◦C for 3 h.

The synthesis for TiO2/WO3 followed the incipient wetness
rocedures of Kwon et al. [13]. Since a 3% molar ratio of
O3 was found to exert a maximum decomposition of 1,4-

ichlorobenezene in an TiO2/WO3 system [13,16], the initial
olar ratio of H2WO4 (98%) and TiO2 of 3:97 was used in an

5% ammonium solution. The mixture was dried, calcined at a
ate of 100 ◦C/h to 400 ◦C; and then held for 2 h at 400 ◦C.

.2. Experiments

The hollow cylindrical photo reactor has an effective volume
f 3 L. The lamp (Wisdoms Electric & Lighting Co.) at either 369
r 435 nm was placed inside the tube. The overall study consisted
f 3 single catalysts and two coupled systems for degrading
-CP. All experiments were performed with the same power
onsumption (50 W), catalyst dosage (1.2 g/L), the initial 4-CP
oncentration (0.2 mM; initial TOC = 17.2 mg/L), and tempera-
ure (25 ◦C). Three pHs (4, 7 and 10) were used at the wavelength
ither 369 or 435 nm. The pH of the solution was controlled
y adding HNO3 and NaOH via an automatic titrator. During
he course of experiments, the reactor content was continuously

ixed (300 rpm) and aerated; samples were periodically with-
rawn, filtered (0.45 �m) and filtrate was subsequently analyzed
or TOC, chloride and 4-CP.

Several experiments were initially conducted to determine

he extent of potential volatilization (no light, no catalyst with
eration), photolysis (no catalyst with aeration at 369 or 435 nm
ight) and catalytic reaction (catalyst without light and with-
ut aeration) of 4-CP. The results indicated no appreciable

c
l
i
W

able 1
haracterization of catalysts used in the present study

ample Band edge wavelength (nm) Band gap energy (eV)

iO2 390 3.18
nO2 335 3.70
O3 450 2.76

iO2/SnO2 380 3.27
iO2/WO3 475 2.61

a From Ref. [18].
b From Ref. [19].
c From Ref. [20].
aterials 154 (2008) 1033–1039

egradation of 4-CP after 200 min under the above three blank
onditions. Reproducibility study was evaluated for several tests
nd the results were within 5%.

.3. Analysis

The specific surface area of each photocatalyst was deter-
ined via BET method (Micrometric TrtStar 3000). The

bsorption of catalysts over the entire spectrum (190–800 nm)
as monitored in a UV–vis spectroscopy (GBC, Cintra 20) to
etermine semiconductor band gap energy. The model com-
ound, 4-CP, was monitored in an HPLC (Millipore Waters
00E, 470) at the detector wavelength 254 nm. The flow
ate for mobile phase (CH3CN:H2O:CH3COOH = 50:50:1) was
mL/min. TOC was measured in an OI TOC analyzer (Model
010); chloride in an ion chromatograph (Dionex DX-120) with
n eluent solution of NaHCO3/Na2CO3.

The SEM diagrams were obtained from LEO (1530); XRD
atterns were obtained using a Philips diffractometer (X’pert
ro) at 45 kV and current 40 mA. The wavelength of Cu K�
adiation used was 1.541 Å with a scan range of 2θ between 20◦
nd 80◦. Electron spectroscopy for chemical analysis (ESCA)
as performed at 1486 eV (VG Scientific, ESCALAB 250) to

nvestigate surface composition.
Sodium salcylate, as a trapping agent for hydroxyl rad-

cals, was used to determine the extent of their production
17]. The byproducts of 2, 3-dihydroxybenzoic acid, 2, 5-
ihydroxybenzoic acid and catechol were monitored at UV
avelength 318, 306 and 275 nm, respectively. The sum of
ydroxylated derivates indicates the relative hydroxyl radical
oncentration.

. Results and discussion

.1. Characterization of catalysts

The BET results indicate lower specific surface area for the
oupled TiO2 catalysts as compared to single TiO2 (Table 1).
rom the absorbance data of the entire UV–vis wavelength of
ach catalyst (Fig. 1), the band edge wavelength for each catalyst

ould be determined and the resultant band gap energies calcu-
ated [21] as shown in Table 1. While the band edge of TiO2/WO3
ncreases to 475 nm compared to the single TiO2 (390 nm) or

O3 (450 nm), that of TiO2/SnO2 (380 nm) slightly decreases

Specific surface area (m2/g) Size (nm) Atom (%)

54a 24b –
4.8a 59b –
1.0 42c –

12.4 150 Ti2p:Sn3d = 95:5
37.1 300 Ti2p:W4f = 76:24
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Fig. 2. SEM diagrams for coupled semiconductors (a) TiO2/SnO2 and (b)
TiO2/WO3.
ig. 1. The UV–vis spectrum of different catalyst (a) TiO2, (b) SnO2, (c) WO3,
d) TiO2/SnO2, and (e) TiO2/WO3.

ver the single TiO2 (390 nm). In general, the results of band
ap energy for WO3 and TiO2 are similar to those reported by
thers [14,22,23]; however, SnO2 (3.7 eV) is higher than that
3.54 eV) of Sakthivel et al. [24].

Fig. 2 shows the SEM images of two coupled semiconduc-
ors. Both demonstrate almost uniform morphologies with the
ize TiO2/SnO2 about 150 nm and TiO2/WO3 about 300 nm.
RD analysis reveals that TiO2 consists of mostly the anatase
hase (Fig. 3a). The intensity of the coupled TiO2/SnO2 cata-
yst is almost the same as that of TiO2 (Fig. 3a and c). However,
here appears a separate phase of SnO2 present in the coupled
iO2/SnO2 (Fig. 3b and c). This may be relevant to the subse-
uent performance since others have reported no SnO2 structure
ould be detected in an TiO2/SnO2 system [25]. On the other
and, WO3 may be incorporated into TiO2 in the TiO2/WO3
ystem, since the diagrams for TiO2 and TiO2/WO3 are exactly
he same (Fig. 3a and e). The sharp peaks observed at 2θ = 24.2◦,
4.2◦, 49.8◦ and 55.8◦ (Fig. 3d) were indicative of the mono-

linic WO3 [14]. It is noted that the initial molar ratio of TiO2
o WO3 was about 97:3, but the ESCA results (Table 1) indicate
much lower Ti:W ratio of 76:24.
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Since the 1st-order rate constants between data up to 180 min
and those of 480 min do not vary too much, all subsequent
ig. 3. XRD analysis of different semiconductors (a) TiO2, (b) SnO2, (c)
iO2/SnO2, (d) WO3, and (e) TiO2/WO3.

.2. TiO2/WO3 and single catalyst systems

.2.1. 4-CP degradation at 435 nm
The plots of 4-CP degradation at pH 7 at wavelength 435 nm

re shown in Fig. 4a, with the corresponding TOC and chloride
eleased data shown in Fig. 4b and c, respectively. The results
learly indicate that the removal of 4-CP up to 65% could be
ttained at 180 min in the TiO2/WO3 system, whereas there was
nsignificantly reduction of 4-CP for either TiO2 or WO3 sys-
em. A much higher hydroxyl radical concentration is found
or the TiO2/WO3 system (Fig. 5c). Fig. 4b data further indi-
ate an accumulation of intermediates since TOC reduction was
nly 40% at 180 min with the corresponding theoretical chloride
elease of about 38%.

In theory, the energy from the visible 435 nm light can
nly excite WO3 (band edge 450 nm; 2.76 eV) and irradiated
lectrons are then transferring to the non-illuminated TiO2
band edge 390 nm; 3.18 eV), while the photoholes remained
n WO3 [6] or transferred to TiO2 [22]. This electron trans-
er phenomenon resulting in a better charge separation may
xplain the observed higher efficiency of TiO /WO system.
2 3
n the other hand, the potential recombination of electrons

nd holes without interparticle electron transfer in the WO3
lone system results in its poor performance. Since energy

e
r
c

ig. 4. Photodegradation of 4-CP at pH 7 in TiO2, WO3 and TiO2/WO3 systems
t 435 nm, 4-CP 2 × 10−4 M, catalyst 1.2 g/L, 50 W light, and T = 25 ◦C. (a) 4-CP,
b) TOC, and (c) chloride.

rom 435 nm could hardly excite TiO2, its poor performance is
xpected. Literature is replete with a better photocatalytic per-
ormance in coupled systems, e.g., degradation of CH3OH in an
iO2/WO3 bilayer system with artificial sunrays [26], degrada-

ion of phenol and pentachlorophenol in an CdS/TiO2 system at
06 nm [6].

.2.2. pH effect
The free hydroxyl radical concentration is highest for the

iO2/WO3 system at pH 4 (Fig. 5b). 4-CP degradation as a
unction of pH is shown in Fig. 6. Lower pH favors the 4-CP
egradation. The negatively changed of 4-CP (with a pKa of
pproximately 9.43) at pH 10 may explain the poor performance
t pH 10. The pHzpc (zero point charge) for TiO2 and TiO2/WO3
re 6.8 [24] and 6.4 [27], respectively. Thus, at pH 4, posi-
ively charged TiO2/WO3 surface exists. Also, the irradiation
ime plays a significant factor in the overall 4-CP degradation.
xperiments were terminated at t = 180 min. Table 2 summa-
izes all the observed 1st-order rate constants under various
onditions.
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Fig. 6. Photodegradation of 4-CP as a function of pH in TiO2/WO3 system (light
wavelength = 435 nm, 4-CP = 2 × 10−4 M, catalyst = 1.2 g/L, light power = 50 W
and T = 25 ◦C).
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ig. 5. Free hydroxyl radical concentrations (a) pH 4 at 369 nm, (b) pH 4 at
35 nm, and (c) pH 7 at 435 nm.

.2.3. 4-CP degradation at 369 nm
The rationale for using 369 nm is that light energy could

xcite both TiO2 and WO3. In this way, it may lead to simultane-
us electron transfer from TiO2 to WO3 and hole transfer from
O3 to TiO2 [6]. Thus, a better performance for the degrada-

ion of gaseous butyl acetate in the coupled TiO2/WO3 system at

50 nm [28], gaseous benzene and 2-propanol and liquid methyl
lue [13], 1, 4-dichlorobenzene [16], gaseous 2-propanol [29]
as been reported in the literature. Despite the enhanced per-
ormance with a better understanding of the increased surface

t
o
i
t

able 2
hotodegradation rate constant (k, h−1) in various systems

emiconductor Wavelength (nm)

369

pH 4 pH 7 pH 10

iO2 1.068 (0.944) 0.708 (0.977) 0.504 (0.9
nO2 0.060 (0.789) 0.090 (0.923) 0.204 (0.9
iO2/SnO2 0.204 (0.955) 0.306 (0.989) 0.366 (0.9
O3 0.222 (0.978) 0.378 (0.970) 0.102 (0.9

iO2/WO3 0.180 (0.983) 0.132 (0.950) 0.108 (0.9

he values in parenthesis are R2.
ig. 7. Photodegradation of 4-CP at pH 7 in TiO2, WO3 and TiO2/WO3 sys-
ems (light wavelength = 369 nm, 4-CP = 2 × 10−4 M, catalyst = 1.2 g/L, light
ower = 50 W, and T = 25 ◦C).

cidity [13,28], highly UV photoindcued hydrophilic character
f the TiO2 surface in the presence of WO3 [22], and direct proof
f electron transfer from TiO2 to c-WO3 [14], the results of the
resent study are much different than those under 435 nm irradi-
tion in that the coupled system performed poorly as compared to
he single TiO2 or WO3 system (Fig. 7). In fact, the performance

f TiO2 alone is the best; after 180 min, only 20% 4-CP remained
n the single TiO2 system. For other pH results (pH 4 and 11),
he trend is similar (data not shown). Others have also reported

435

pH 4 pH 7 pH 10

51) 0.078 (0.954) 0.003 (0.958) 0.042 (0.707)
72) 0.036 (0.883) 0.003 (0.922) 0.042 (0.989)
85) 0.120 (0.858) 0.003 (0.978) 0.060 (0.972)
86) 0.096 (0.977) 0.108 (0.948) 0.078 (0.953)
63) 0.504 (0.997) 0.378 (0.989) 0.288 (0.981)



1038 C.-F. Lin et al. / Journal of Hazardous Materials 154 (2008) 1033–1039

F
a
(

a
n
o
T
i
K
l
f
t
o

3

3

r
o
a
r
c
h
m
t

F
t
p

[
L
p
a
(
r
p
a
S
f
c
o
t
p
n
i

4

e
T
w

1

2

3

A

ig. 8. Photodegradation of 4-CP at pH 7 in TiO2, SnO2 and TiO2/SnO2 systems
t 369 nm, 4-CP 2 × 10−4 M, catalyst 1.2 g/L, 50 W light, and T = 25 ◦C. (a) 4-CP,
b) TOC, and (c) chloride.

poor photoactivity of the coupled TiO2/WO3 system for phe-
ol degradation at pH 3 and 355 nm [6] and gaseous oxidation
f CH3CHO and liquid-phase degradation of 2-naphthol [14].
ada et al. [14] attributed the poor performance to the decrease

n the rate of electron transfer from the semiconductors to O2.
eller et al. [28] further discussed the adverse effect of a high

oad of TiO2/WO3 in that it could act as recombination centers
or electron-hole pairs resulting in the reduced efficiency. Unfor-
unately, the exact reason(s) for the observed poor performance
f TiO2/WO3 is unclear.

.3. TiO2/SnO2 and single catalyst systems

.3.1. 4-CP degradation at 369 nm
Fig. 8 shows the 4-CP and TOC removal as well as the cor-

esponding chloride release at 369 nm. The addition of SnO2
nto TiO2 does not enhance the photooxidation of 4-CP; TiO2
lone is the best with 85% 4-CP removal and SnO2 alone only
emoves about 20% 4-CP after 180 min. The hydroxyl radi-

al concentrations follow the same trend, i.e., TiO2 yields the
ighest concentration (Fig. 5a). Again, there is a significant accu-
ulation of intermediates (Fig. 8b). In the presence of SnO2,

he hydrophilicity of the coupled TiO2/SnO2 system increases
o
u

ig. 9. Photodegradation of 4-CP at pH 7 in TiO2, SnO2 and TiO2/SnO2 sys-
ems (light wavelength = 435 nm, 4-CP = 2 × 10−4 M, catalyst = 1.2 g/L, light
ower = 50 W and T = 25 ◦C).

30]; this characteristic should not inhibit 4-CP degradation.
iterature indicates, however, a better performance of the cou-
led TiO2/SnO2 systems, e.g., dehydrogenation of methanol
t 320–400 nm [8]. Despite the electron transfer from TiO2
390 nm; 3.18 eV) to SnO2 (335 nm), Pilkenton and Raftery [23]
eported that SiO2/TiO2 or TiO2/SnO2 film was less active in
hotodegradation of ethanol than a single TiO2 system. They
ttributed the buildup of intermediates on the catalysts surface.
erpone et al. [6] also reported no improved phenol degradation
or TiO2/SnO2 as compared to TiO2 at 355 nm. The lower effi-
iency observed in the preset study may be due to the amount
f SnO2 incorporated into TiO2, since its quantity influences
he photoactivity [9]. As for 4-CP degradation at 435 nm, the
oor performance (Fig. 9) is expected since the visible light can-
ot excite TiO2 nor SnO2. The TiO2/SnO2 system only slightly
mproved the 4-CP degradation, if any.

. Conclusion

To enhance 4-CP degradation rate and using the visible light
nergy source, the present study used two coupled systems,
iO2/WO3 and TiO2/SnO2. The important findings of this study
ere presented below.

. The band edge wavelength increased to 475 nm, gap energy
decreased to 2.61 eV and the specific surfaces area reduced
to 37 m2/g in the TiO2/WO3 system as compare to the single
TiO2.

. In the TiO2/WO3 system, the degradation efficiency signifi-
cantly increased as compared to single TiO2 or WO3 system
at 435 nm wavelength. However, the TiO2/WO3 degradation
of 4-CP at 369 nm was in fact inhibited.

. In TiO2/SnO2 system, the degradation efficiency also suf-
fered at 369 nm, and only slightly increased at 435 nm as
compared to single TiO2 or SnO2 system.
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