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a b s t r a c t

A series of TiO2–Cu2O mixed oxides were prepared by the hydrolysis of titanium butoxide and reduc-
tion of copper acetate with hydrazine. These composite oxides were characterized by X-ray diffraction
(XRD), inductively coupled plasma spectrometry (ICP), high-resolution transmission electron microscopy
vailable online 13 February 2009
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iO2–Cu2O
hotocatalysis

(HRTEM), N2 adsorption and UV–vis techniques. Photocatalytic degradation of dodecyl-benzenesulfonate
(DBS) under visible irradiation was performed, and effects of composition of catalysts and reaction con-
ditions were studied. It was observed that TiO2–Cu2O composite oxides exhibited better photocatalytic
activity than Cu2O or TiO2 alone. Among these composite oxides, the 5%TiO2–Cu2O displayed the highest
activity, and the degradation percentage of DBS and COD reached 97.3% and 65%, respectively. In addition,

ompo
odel.
egradation of DBS
isible light

it was found that the dec
followed the Langmuir m

. Introduction

Surfactants are widely used in domestic and industrial pro-
esses. After use, surfactants are usually discharged along with
aste water, which cause serious ecological pollution since their
iodegradation and bioelimination through bacteria are slow [1].
lthough biological treatment is a facile route to decontaminate
urfactants, there are such problems as enhanced foam formation,
ecreased activity of the active sludge and retarded biodegradation
f the accompanying pollutants [2]. Photocatalytic oxidation is an
dvanced oxidation process (AOP) to solve these problems as men-
ioned above. This AOP process has received extensive attention in
he field of organism containing waste water treatment, since this
echnique decomposes many toxic materials without reproducing
ollutants. Dodecyl-benzenesulfonate (DBS) is an important sur-

actant frequently used in industry, and therefore it is an important
olluting agent. The frequently used photocatalysts were TiO2 [3–9]
nd TiO2 containing composite oxides [10,11] since Hidaka firstly
ntroduced TiO2 to degrade DBS [3]. Due to the wide band gap, the
pplication of TiO2 might be limited only to the violet light range.
herefore, the effective use of solar energy is limited. In order to

ncrease the effective use of solar energy, modified TiO2 were usu-
lly adopted. Chatterjee and Mahata [12] observed that 60% DBS
0.04 mmol) could be degraded under irradiation of visible light for
h over the TiO2 modified by a dye.

∗ Corresponding author. Tel.: +86 25 83594305; fax: +86 25 83594305.
E-mail address: jyshen@nju.edu.cn (J. Shen).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.020
sition of DBS followed the first-order kinetics and the adsorption of DBS
Oxygen in solution played a vital role in the elimination of COD.

© 2009 Elsevier B.V. All rights reserved.

In 1998, Hara et al. [13] discovered that Cu2O powder could cat-
alyze the decomposition of water into H2 and O2 under solar light,
in which Cu2O exhibited good catalytic performance and stability.
Since the band gap potential of Cu2O is only 2.0 eV, electrons at
band gap are easily excitated under visible light irradiation. How-
ever, it is disadvantageous that the easy recombination of electron
and hole results in low catalytic activity of Cu2O. In order to control
the rate of recombination, the composites of semiconductor mate-
rials possessing different band gaps were prepared and found to
be able to suppress the electron–hole recombination, resulting in
the better catalytic performance. Senevirathna et al. [14] deposited
quantum sized Cu2O on the nano-particles of TiO2 to produce the
catalyst TiO2–Cu2O and found that this composite system photo-
generated hydrogen from water and methanol under visible light.
Since Cu2O content in this composite system was low, the reac-
tion was still faster under the irradiation of violet light than that of
visible light. Bessekhouad et al. [15] also observed the Cu2O–TiO2
composite oxides via the mixture of Cu2O (particle size < 5 �m) with
commercial P25 TiO2 exhibited a superior activity for the degrada-
tion of Orange II under visible irradiation than Cu2O alone. These
results seemed to suggest the following process: the electrons and
holes generated on Cu2O by visible irradiation were transferred to
TiO2 so that the recombination of electron–hole (e–h) pairs was
suppressed and thus the quantum efficiency was enhanced.
In this work, we prepared the TiO2–Cu2O composite oxides by
the hydrolysis of titanium butoxide and the reduction of copper
acetate with hydrazine, in an attempt to catalyze the decomposition
of DBS under solar energy. These composite oxides were char-
acterized by X-ray diffraction (XRD), inductively coupled plasma

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jyshen@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.020
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around 610 nm, whereas TiO2 exhibited the absorption at 388 nm,
belonging to the ultraviolet light range.

Table 1 lists the compositions and surface areas of the samples.
It is seen that the analyzed contents of TiO2 in the samples were
close to those desired. The surface area did not seem to change for

Fig. 1. XRD patterns of Cu2O, 5%TiO2–Cu2O and TiO2.

Table 1
Surface area and composition of TiO2–Cu2O.
16 C. Han et al. / Journal of Hazar

pectrometry (ICP), N2 adsorption, high-resolution transmission
lectron microscopy (HRTEM) and UV–vis spectrum. Using tung-
ten lamp as a light source, photocatalytic degradation of DBS
as performed over these composite oxides. The effects of cata-

ysts composition and oxygen in solution on the degradation of
BS were investigated. In addition to these aspects, photocat-
lytic kinetics and adsorption of DBS on composite oxides were
lso studied and the corresponding reaction mechanisms were
iscussed.

. Experimental

.1. The preparation of TiO2–Cu2O

TiO2–Cu2O composite oxides were prepared by the follow-
ng method. 12 g of cupric acetate (AR) was dissolved in 600 ml
f distilled water, followed by the addition of 3.2 ml of PEG-
00 (AR) under vigorous stirring. Afterward, 0.5374 g of tetrabutyl
itanate (AR) digested with absolute ethanol was dropped into
he solution of cupric acetate. A white precipitate was pro-
uced during the mixing. Then, 5 ml of 5 mol/L NaOH and 15 ml
f 5 mol/L hydrazine were dropped sequentially into the above
lurry under vigorous stirring, and the resulting mixture was kept
tanding at 12–14 ◦C for 15 min. A yellow precipitate was then
ormed. It was filtered, washed with distilled water to neutral
nd further washed with acetone. The sample was then degassed
t 200 ◦C in vacuum for 3 h. A series of TiO2–Cu2O composite
xides were prepared in this way with different molar ratios of
iO2/Cu2O. The sample contained 5 mol% TiO2 was labeled as
%TiO2–Cu2O.

.2. Characterizations

The surface areas (SBET) of samples were determined by N2
dsorption at the temperature of liquid N2 employing the BET
ethod using a Micromeritics ASAP 2020. Before each mea-

urement, the sample (0.2–0.3 g) was degassed at 150 ◦C for
h.

XRD was performed on a Rigaku D/Max-RA X-ray diffractometer
quipped with Cu K� radiation (� = 0.15418 nm). The applied volt-
ge and current were 40 kV and 40 mA, respectively. The scanning
ate was 10◦/min.

HRTEM images were obtained by a JEOL JEM 2100 electron
icroscope with an accelerating voltage of 200 kV.
UV–vis diffuse reflectance spectra were obtained by UV–vis

pectrophotometer equipped with an integrated sphere (TU-1901,
hina). BaSO4 was used as a reference for the measurements.

ICP was obtained by IRIS Intrepid Inductively Coupled Plasma
pectrometer (Thermo Elemental Co., America).

.3. Photocatalytic reaction

A dispersion consisting of the 100 mg/L DBS solution (200 ml)
nd 0.2 g of each catalyst was contained in a glass vessel at 25 ◦C
nd was illuminated with a 250 W tungsten lamp (visible irradia-
ion). Magnetic stirring was kept all along with the reaction. In some
ases, COD analyses were carried out according to the dichromate
ethod. The concentration of DBS was monitored with a TU-1901
V-Vis spectrophotometer at �max = 224 nm (UV absorption of the
romatic group) [9].
.4. Adsorption of DBS on the TiO2–Cu2O

The suspensions of DBS (50 ml, at different initial concentra-
ions) and TiO2–Cu2O (0.050 g) were contained in 100 ml conical
asks with plug and were allowed to equilibrate for 24 h in the
aterials 168 (2009) 215–219

dark under constant stirring at 25 ◦C. The amounts of DBS adsorbed
on TiO2–Cu2O were calculated according to the initial and final
concentrations of DBS in the solutions:

� = (C0 − C) × 50
1000 × m

(1)

where � (mg/g) is the adsorption capacity, C0 and C (mg/L) are the
initial and equilibrium concentrations of DBS, m (g) is the mass of
TiO2–Cu2O used.

3. Results and discussion

3.1. Characterization of catalyst

XRD patterns of the samples Cu2O, 5%TiO2–Cu2O and TiO2 are
presented in Fig. 1. It is seen that pure Cu2O was prepared according
to JCPDS-78-2076, and no peaks due to Cu and CuO were detected.
The sample of TiO2 exhibited pure anatase structure (JCPDS-21-
1272). No diffraction peaks belonging to TiO2 were observed for
the sample 5%TiO2–Cu2O, indicating the high dispersion of TiO2
on Cu2O, since only diffraction peaks of Cu2O were present for the
sample.

Fig. 2 shows the TEM and HRTEM images for the 5%TiO2–Cu2O.
Spherical particles could be clearly seen for the 5%TiO2–Cu2O, with
the size of approximately 40 nm. The lattice distance was mea-
sured to be 0.246 nm according to the HRTEM image, which could
be undoubtedly assigned to the lattice facet of Cu2O (1 1 1). Some
amorphous phases covered the Cu2O lattice, which might be dis-
persed TiO2 on Cu2O.

The UV–vis diffuse reflectance spectra of Cu2O, 5%TiO2–Cu2O
and TiO2 are displayed in Fig. 3. It is clear that the Cu2O and
TiO2–Cu2O could be excited by visible light with the wavelength
Sample Cu2O Molar percentage of TiO2 in TiO2–Cu2O TiO2

2% 5% 10% 30% 50%

SBET (m2/g) 31 30 29 35 48 64 105
TiO2 (ICP) 2.0 5.2 10.3 30.2 51.0
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Eq. (2) indicates a linear relationship between 1/r0 and 1/C0. Fig. 6
Fig. 2. TEM (a) and HRTEM

he samples with the content of TiO2 less than 5%. But addition of
ore TiO2 increased the surface area apparently.

.2. Photocatalytic degradation of DBS as a function of
omposition of TiO2–Cu2O

Fig. 4 displays the photodegradation degree of DBS over the
iO2–Cu2O with different TiO2 contents under visible light. It is
learly seen that the Cu2O was much more effective than TiO2 for
he degradation of DBS under the visible irradiation owing to the
arrower band gap of Cu2O than that of TiO2. More interestingly, the
iO2–Cu2O composite oxides exhibited higher activity than Cu2O
or the photocatalytic degradation of DBS. Among the TiO2–Cu2O
hotocatalysts studied, the one containing 5%TiO2 showed the
ighest photocatalytic activity. About 66% of DBS were degraded
ver the Cu2O while the degradation rate of DBS was as high as
7% over the 5%TiO2–Cu2O, although the two samples possessed
imilar surface areas. Therefore, the higher photocatalytic activity
ould be ascribed to the synergic effect between TiO2 and Cu2O.
hat is, the e–h pairs generated in Cu O upon the visible irradia-
2
ion were quickly transferred to TiO2, where the recombination of
–h pairs were slowed down owing to the wide band gap of TiO2,
eading to the higher quantum efficiency and hence the improved
hotocatalytic activity.

Fig. 3. UV–vis diffuse reflectance spectra of Cu2O, 5%TiO2–Cu2O and TiO2.
ages of the 5%TiO2–Cu2O.

3.3. Photocatalytic kinetics

Fig. 5 shows the variation of DBS concentration versus time over
the 5%TiO2–Cu2O. It is seen that no degradation of DBS occurred
without the presence of a catalyst. On the other hand, the con-
centration of DBS decreased continuously with the reaction time
when 1 g/L of the 5%TiO2–Cu2O was added. The linear relation-
ship of ln (C/C0) with respect to the irradiation time suggested the
first-order kinetics. The rate constant was found to be 0.0371 min−1.

It is generally accepted that the photocatalytic kinetics follows
the Langmuir–Hinshelwood (L–H) model, as expressed below:

1
r

= 1
k

+ 1
kKb

× 1
C

(2)

where k denotes the apparent rate constant for the process, Kb is
the adsorption coefficient of reactants, and C is the concentration
of the substance to be degraded. When the initial concentration
C0 is used in Eq. (2), the reaction rate would be the initial rate r0.
represents such linear correlation with different initial concentra-
tions, indicating that the photocatalytic reaction did follow the L–H
model.

Fig. 4. Photocatalytic degradation of DBS as a function of composition of TiO2–Cu2O
under 250 W tungsten lamp (visible irradiation). Initial concentration of DBS:
100 mg/L; catalyst loading: 1.0 g/L; pH 7.0; t = 1 h.
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ig. 5. Photocatalytic degradation of DBS over the 5%TiO2–Cu2O. The inset shows the
pparent first-order kinetics for the corresponding photocatalytic reaction. Initial
oncentration of DBS: 100 mg/L; catalyst loading: 1.0 g/L; pH 7.0.

.4. Adsorption of DBS on TiO2–Cu2O

Adsorption plays a key role in most photocatalytic reactions
16,17]. Fig. 7 depicts an adsorption isotherm of DBS on the
%TiO2–Cu2O at 25 ◦C in dark. The isotherm follows the Langmuir
odel, and the saturation coverage was found to be 58 mg/g.

.5. Effect of oxygen in solution

In order to see the effect of O2 on the photocatalytic degrada-
ion of DBS, gases of N2 or air was bubbled in the solution during the
eaction over the 5%TiO2–Cu2O. Fig. 8 shows the degree of degrada-
ion of DBS and the reduction of COD with and without the presence
f O2. Since the degradation was measured according to the change
f concentration of DBS with a light at 224 nm, which was actually
he absorbance of benzyl ring in DBS, it reflected the degree of aro-

atic ring opening in DBS during the photocatalytic reaction. It was
ot the indication of complete mineralization of DBS. On the other

and, the reduction of COD represented the percentage of DBS that
as completely mineralized.

Fig. 8 shows that the photocatalytic degradation of DBS over
he 5%TiO2–Cu2O was much higher in air than in N2. Although

ore than 80% of DBS could be photocatalytically degraded over the

Fig. 6. The linear correlation of 1/r0 versus 1/C0.
Fig. 7. Adsorption isotherm of DBS on the 5%TiO2–Cu2O at 25 ◦C in dark.

5%TiO2–Cu2O in N2 (benzyl ring opened), the reduction of COD was
only less than 15% (mineralization was far from completion). With
the presence of O2, the reduction of COD was greatly increased.
The reduction of COD could reach 65% in 1 h in the photocatalytic
reaction of DBS over the 5%TiO2–Cu2O in air. It has been reported
that the following reactions hardly occur without the presence of
oxygen [18,19]:

ecb
− + O2(ads) → •O2(ads)

− (3)

•O2(ads)
− + H+ → HO2

• (4)

2HO2
• → O2 + H2O2 (5)

H2O2 + •O2(ads)
− → •OH + OH− + O2 (6)

H2O2 + e− → OH− + •OH (7)

The electrode potential of cavity h+ in Cu2O is 0.46 eV at pH 7.0,
and OH− cannot be directly oxidized to the free radical •OH [15].
Accordingly, little •OH were produced under N2 atmosphere, and
only the cavity h+ acted as the oxidizing sites for adsorbed DBS,

leading to the benzyl ring opening of DBS without the complete
degradation. That might be the reason why the reduction of COD
was low under N2 atmosphere. On the other hand, the presence
of oxygen ensured the process of steps (3)–(7), leading to the for-
mation of strong oxidative sites •OH, which played the function of

Fig. 8. Photocatalytic degradation of DBS over the 5%TiO2–Cu2O with the presence
of O2 or N2. Initial concentration of DBS: 100 mg/L; catalyst loading: 1.0 g/L; pH 7.0.
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ig. 9. Photocatalytic degradation of DBS over the 5%TiO2–Cu2O under solar light
rradiation. Initial concentration of DBS: 100 mg/L; catalyst loading: 1.0 g/L; pH 7.0.

omplete degradation of DBS, resulting in the remarkable reduction
f COD.

.6. Degradation of DBS under solar light

The 5%TiO2–Cu2O catalyst was tested for the photocatalytic
egradation of DBS under natural solar light. The results are shown

n Fig. 9. It is seen that DBS could be effectively degraded over
he 5%TiO2–Cu2O under natural solar light. In addition, the rate
f degradation of DBS was increased with the increase of intensity
f the solar light. At the intensities of 12,000–16,000 lx of natural
ight, more than 95% of DBS could be degraded in 1 h.

. Conclusions

A series of TiO2–Cu2O were prepared by the hydrolysis of tita-
ium butoxide and reduction of copper acetate with hydrazine. The

ormation of composite oxides TiO2–Cu2O significantly enhanced
he photocatalytic activity for the degradation of DBS under visi-
le lights, especially with the one containing 5 mol% of TiO2. The
ynergetic effect between Cu2O and TiO2 could be explained by the
onventional principle, i.e., the e–h pairs generated by visible lights
n Cu2O (with narrow band gap) could be rapidly transferred into
iO2 (with wide band gap) so that the direct recombination of e–h
airs could be slowed down. As a result, the increase of life time of
–h pairs improved the photocatalytic activity for the degradation
f DBS under visible lights.

Oxygen was found to play an important role for the degradation
f DBS over the 5%TiO2–Cu2O under visible irradiation. Without the
resence of O2, photo-holes produced in Cu2O did not seem to oxi-
ize OH− to the free radical •OH. In this case, the degradation of
BS mainly involved the benzyl ring opening without the signifi-
ant reduction of COD. In contrast, the presence of O2 promoted the
ormation of •OH free radicals and thus the complete oxidation of

BS with a significant reduction of COD.

The photocatalytic degradation of DBS over the 5%TiO2–Cu2O
nder visible irradiation was found to follow the Langmuir–
inshelwood model, in which the adsorption of DBS was an impor-

ant step in the photocatalytic kinetics. A Langmuir isotherm was

[

[

aterials 168 (2009) 215–219 219

obtained for the adsorption of DBS over the 5%TiO2–Cu2O in dark,
with the saturation uptake of 58 mg/g. Such high adsorption uptake
of DBS on the catalyst might be an important factor in determining
the photocatalytic activity.
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