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bstract

Sn(IV) doped and nano-sized TiO2 immobilized on active carbon (AC) (Sn(IV)/TiO2/AC) were prepared by the sol–gel and dip-calcination
ethod. An azo dye, Orange G (OG), was used as a model compound to study its photocatalytic activity in a fluidized bed photoreactor. The

ddition of Sn(IV) on TiO2 could greatly improve the activity of TiO2, and the optimal amount of tin was 2.5 at.%. The effects of calcination
emperature, pH value, the initial hydrogen peroxide concentration ([H2O2]0), the catalyst amount ([TiO2]), the initial OG concentration ([dye]0)
nd co-existing negative ions on the photocatalytic activity of Sn(IV)/TiO2/AC were studied. The optimal conditions were as follows: pH 2.00,
H2O2]0 = 1.5mL/L, [dye]0 = 50 mg/L, [TiO2] = 12.5 g/L, when the 300 W high pressure mercury light was used as the light source. Under these

onditions, the degradation efficiency of OG reached 99.1% after 60 min reaction. The kinetics of the OG degradation was also analyzed. The results
howed that the kinetics of this reaction fit the Langmiur–Hinshelwood kinetics model well and the absorption of OG on the Sn(IV)/TiO2/AC
urface was the controlling step in the whole degradation process. In addition, the catalyst, liquid and gas were separated effectively, and the
ntegrative process of reaction and separation was achieved during the experiment.

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

The widespread presence of organic dyes in industrial
astewater results in a potentially serious environmental prob-

em. Especially azo dyes, which are non-biodegradable, toxic
nd potentially carcinogenic in nature, are widely used [1]. The
onventional treatment processes, including biological oxida-
ion, chemical and physical–chemical treatments usually cause
econdary pollutions. Therefore, novel, efficient and low cost
echnology in purification of azo dyes wastewater is in urgently
eed.
In recent years, photocatalytic reaction sensitized by TiO2
as attracted extensive interests as a potential way to treat
astewater [2–4]. In many applications, TiO2 exhibits its unique

∗ Corresponding author. Tel.: +86 373 3326335; fax: +86 373 3326336.
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hotochemical properties, and moreover, it is photostable, non-
elective, and non-toxic in treating any toxic organic materi-
ls [5]. However, there are some drawbacks in using titanium
xide powder as catalyst, such as low quantum efficiency, diffi-
ult separation, and catalyst agglomerate, etc. Several attempts
ave been performed to improve the photocatalytic activity of
iO2 in recent years. An effective method is the addition of
ome metal ions or their oxides to TiO2 [6–8]. Besides, a large
umber of researches have shown that the catalyst can be effec-
ively separated if TiO2 was immobilized on some rigid support
9,10]. Due to the singular characteristics of active carbon (AC),
he study of TiO2 coatings on it has deserved much attention.
erein, Sn(IV)/TiO2/AC were prepared by the sol–gel and dip-

alcination method. Its photocatalytic activity was evaluated by

egradation of a typical kind of azo dye Orange G (OG), whose
tructure is shown in Fig. 1. The effects of various parameters
n the photocatalytic activity of Sn(IV)/TiO2/AC were studied
nd the kinetics of OG degradation was also analyzed.

mailto:sunjh@henannu.edu.cn
dx.doi.org/10.1016/j.molcata.2006.07.033
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Fig. 1. The structure of Orange G.

. Experimental

.1. Preparation of Sn(IV)/TiO2/AC

The Sn(IV)/TiO2/AC were prepared by the dip-coating tech-
ique with TiO2 sol–gel. The procedure for the preparation
f samples is given below: mixing tetra-n-butyl titanate with
thanol, and nitric acid to obtain pH 2. Then a small quantity of
cetylacetone was used as a peptization agent and stabilizer. Fur-
hermore, the solution was modified by 4 mL tin tetrachloride
olution. This caused a hydrolysis and condensation reaction,
hich resulted in a doped and transparent gel. After that, AC
as added. The diameter of AC is in the range of 0.45–0.9 mm,
hich was activated by nitric acid before using. After stirring

nd stabilization for 0.5 h, the samples were dried at 100 ◦C for
.5 h and then calcinated at different temperatures (from 450
o 600 ◦C) for 2 h. The temperature of resistance furnace was
aised to the desired temperature at a heating rate of 5 ◦C/min. In
rder to avoid shelling of TiO2, the photocatalysts were all calci-
ated for 2 h between two coatings. After three dip coating/heat
reatment, the photocatalysts were cleaned ultrasonically and
ir-dried at 100 ◦C and then the Sn(IV)/TiO2/AC were obtained.

.2. Photocatalytic activity
At room temperature, all the experiments were performed
n a fluidized bed photoreactor of 2000 mL (shown in Fig. 2)

ig. 2. Fluidized bed photoreactor. (1) Blow vent; (2) infall; (3) gasinlet; (4) dis-
harge outlet; (5) aeration board; (6) outfall; (7) cooling water; (8) high pressure
ercury lamp; (9) quartz tube; (10) water storage; (11) feed tank; (12) peristaltic

ump; (13) liquid flow meter; (14) gas flow meter; (15) buffering bottle; (16) air
ompressor.
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n volume, fitted with a high-pressure mercury lamp of 300 W
Yaming Company, Shanghai, the strongest emission at 365 nm).
he initial volume of OG dye solution was 2500 mL, and pH was
djusted using dilute nitric acid or sodium hydroxide, which
ere measured by a pH meter (PHS-3C). The solution was

dded to the reactor and the feeding tank, respectively. Then the
n(IV)/TiO2/AC (which had achieved adsorption equilibrium

n the OG solution) and H2O2 were also added to the reac-
or, and stirred with air at a flow rate of 0.2 m3/h. The solution
as circulated continuously with a pump (BT00-300M Longer
eristaltic Pump) at a flow rate of 0.3 L/min. During the experi-
ent, the catalyst, liquid and gas were separated effectively, and

he integrative process of reaction and separation was achieved.
herefore, the samples, taken out from the outlet of reactor
eriodically, were analyzed directly without further purification.
ach experiment was replicated three times or more.

.3. Analytical methods

The UV–vis spectra of dye were recorded from 200 to 800 nm
sing a UV–vis spectrophotometer (Lambda 17, Perkin-Elmer)
ith a spectrometric quartz cell (1 cm path length). The maxi-
um absorbance wavelength (λmax) of OG is 476 nm. Therefore,

he concentration of the dye in the reaction mixture at different
eaction times were determined by measuring the absorption
ntensity at λmax = 476 nm and a calibration curve. The pho-
odegradation efficiency of OG was defined as follows:

hotodegradation efficiency (%) =
(

1 − Ct

C0

)
× 100% (1)

here the C0 is the initial concentration of OG, and Ct is the
oncentration of OG at reaction time t (min).

. Results and discussion

.1. Effect of calcination temperature on photocatalytic
ctivity of Sn(IV)/TiO2/AC

The temperature for calcination of TiO2 has a significant
ffect on its activity, which has been reported in many other
apers [11]. In order to find the optimal calcination temperature
or Sn(IV)/TiO2/AC preparation, the photocatalysts calcinated
t different temperatures in the range of 450–600 ◦C were used
o degrade OG. The results are illustrated in Fig. 3, which indi-
ates that the photocatalytic activity of Sn(IV)/TiO2/AC was
ignificantly influenced by the calcination temperature and that
he optimal calcination temperature was 550 ◦C. In addition, X-
ay diffraction (XRD, Bruker D8X) was employed to examine
he crystalline structure and phase of the catalysts. XRD pat-
erns of Sn(IV)/TiO2/AC are shown in Fig. 4. It can be seen that
he Sn(IV)/TiO2/AC which was calcinated at 550 ◦C contained
oth anatase and rutile phases of TiO2, which may explain the
igher photocatalytic activity for the degradation of OG. A com-

unication [12] has shown that the photocatalyst consisting of

natase and rutile mixing TiO2 has the higher photocatalytic
ctivity. This is maybe due to the fact that each effective particle
n the TiO2 catalyst consists of an anatase core and a thin rutile
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ig. 3. The effect of calcined temperature on the degradation of OG (pH 2.00,
H2O2]0 = 1.5 mL/L, [dye]0 = 50 mg/L, [2.5 at.% Sn(IV)/TiO2] = 10 g/L).

over layer, and that the holes photogenerated in the anatase core
re effectively transferred to the rutile layer. So more holes are
vailable for reaction with hydroxyl ions to form hydroxyl rad-
cals. From XRD patterns of Sn(IV)/TiO2/AC, we can also see
hat rutile TiO2 was present at low calcination temperature of
00 ◦C. Theoretically, the transition temperature of crystal TiO2
rom anatase to rutile is 610–915 ◦C. The patterns indicated that
he presence of Sn(IV) can be in favor of the formation of anatase
nd rutile TiO2 at low temperature. The possible explanation of
emperature decrease may be that the transition temperature of
rystal form of TiO2 descended with decreasing melting point of
he metal oxide, and that the melting point of SnO2 is below that
f TiO2 [13]. Therefore, rutile TiO2 is formed at low tempera-
ure. Interestingly, the peak of SnO2 could not be seen from the
RD patterns of catalysts, which may be attributed to the low
osage of Sn(IV). The crystalline particle size of the photocata-
yst was derived from the Scherrer equation and the particles of
iO2 were all about 15 nm [14].

Considering the above results, the optimal calcination tem-
erature for Sn(IV)/TiO2/AC preparation were kept constant at
50 ◦C for all the following experiments.
.2. Optimum dosage of Sn(IV)

To elucidate the effect of the addition of Sn(IV) on the activity
f TiO2, a series of experiments was conducted with different

ig. 4. XRD patterns of 2.5 at.% Sn(IV)/TiO2/AC at different temperature for
h.
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ig. 5. The effect of different dosage of Sn(IV) on the degradation of OG (pH
.00, [H2O2]0 = 1.5 mL/L, [dye]0 = 50 mg/L, [Sn(IV)/TiO2] = 10 g/L).

oped dosages of Sn(IV) from 0 to 3.0 at.%. Fig. 5 showed the
ffect of Sn(IV) dosage on the photodegradation of OG. The
ddition of Sn(IV) could effectively improve the photocatalytic
ctivity of TiO2, and Sn(IV)/TiO2/AC all had the higher catalytic
ctivity than pure TiO2/AC. When the amount of tin reached
.5 at.%, the Sn(IV)/TiO2/AC showed the highest photocatalytic
ctivity.

The improvement of catalytic activity depended on several
actors. On the one hand, in the course of OG photodegrada-
ion by pure TiO2, the amounts of photogenerated electrons and
oles were relatively few because of the high recombination
atio of them. The energy gap of TiO2 (3.2 eV) is lower than
hat of SnO2 (3.8 eV), and hence SnO2 has higher ability of
apturing electrons. This enhances the separation of photogen-
rated electrons and holes, leaving holes available for oxidation
f OG. On the other hand, Sn(IV)/TiO2/AC calcinated at 550 ◦C
s advantageous for separation of electrons and holes because
t consists of anatase and rutile, and this catalyst has a much
arger specific surface area, which can improve the photocat-
lytic activity of TiO2. But excessive amount of Sn(IV) in the
atalyst can induce the recombination of photogenerated elec-
rons and holes, and result in the lower photocatalytic activity
f TiO2.

.3. Effect of pH value

The pH value of OG solution has significant influence on the
hotocatalytic activity of samples, which controls the produc-
ion rate of hydroxyl radical. It is also an important operational
ariable in the actual wastewater treatment. In order to find the
ptimal pH of reaction mixture for the photodegradation of OG,
series of experiments was conducted at different pH values

f 1.0, 2.0, 4.0, 8.0 and 12.0, etc. The results are illustrated in
ig. 6. Increase in pH of OG solution from 1.0 to 2.0 led to the
nhanced efficiency in the degradation of OG. Further increase

n pH from 2.0 to 12.0 had negative effect on the efficiency in
G degradation. The results indicated that the photodegradation
f OG was most efficient in acidic solution and that the optimal
H was observed at a pH of about 2.0.
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increase in the number of photons absorbed and also the num-
ber of the dye molecules adsorbed [16]. Then the increase in
the catalyst amount beyond 12.5 g/L had negative effect on the
degradation efficiency of OG. Light blocking by excessive cat-
ig. 6. The effect of pH value on the degradation of OG. ([H2O2]0 = 1.5 mL/L,
dye]0 = 50 mg/L, [2.5 at.% Sn(IV)/TiO2] = 10 g/L).

According to the potentiometric equation of TiO2 (Eq. (2))
15]:

VB = 3.15 − 0.05 pH (2)

The lower the pH value, the higher the EVB, and TiO2
ad higher activity in oxidating organic pollutants accordingly.
t lower pH value than 2.0 the degradation efficiency also
ecreased. This is due to the following reason: in OG dye, the
zo linkage (–N N–) is particularly susceptible to electrophilic
ttack by •OH radical. But at low pH the concentration of H+ is
n excess and H+ ions interact with the azo linkage decreasing
he electron densities at the azo group. Consequently, the reac-
ivity of •OH radical by the electrophilic mechanism decreased
16]. Besides, with the rise in the pH value, the –OH on the
urface of TiO2 could be replaced by –ONa, and the catalytic
ctivity of TiO2 decreased accordingly [17]. Thus, 2.0 was the
ptimum pH value for the photodegradation of the azo dye, as
ielińska et al. [18] had obtained through their experiment.

.4. Effect of H2O2 concentration

Hydrogen peroxide plays the role of an oxidizing agent in
hotocatalytic processes. The photocatalytic degradation of OG
as conducted at different hydrogen peroxide concentrations,

he results of which are given in Fig. 7. The results indicated
hat the rate of degradation of OG increased with increasing

2O2 concentration up to 1.5 mL/L, but above it, there was a
ecrease in the degradation efficiency. Similar results have been
eported in other articles [19,20]. This is because hydrogen per-
xide inhibits the electron–hole recombination and could act as
n alternative electron acceptor to oxygen at its low concentra-
ion, according to the Eqs. (3) and (4) [21]:

iO2 (e−) + H2O2 → TiO2 + OH− + •OH (3)

O + H2O2 → OH− + •OH + O2 (4)
But at high concentration of hydrogen peroxide, the very
eaction •OH radical could be consumed by H2O2 and generates
ess reactive •OOH radical (Eq. (5)) [22]:

2O2 + •OH → •OOH + H2O (5)
F
[

ig. 7. The effect of H2O2 concentration on the degradation of OG (pH 2.00,
dye]0 = 50 mg/L, [2.5 at.% Sn(IV)/TiO2] = 10 g/L).

Thus, in the condition of excess of H2O2, it would become a
cavenger of •OH radical and lead to the decrease in the degra-
ation efficiency of OG [23].

Therefore in order to keep the high photocatalytic activity of
iO2, it was necessary to choose the optimal H2O2 concentra-

ion and the optimal H2O2 concentration of this experiment was
.5 mL/L.

.5. Effect of catalyst amount

Photocatalyst amount is another critical parameter to the
egradation efficiency. In order to determine the effect of cata-
yst amount on the degradation of OG, a series of experiments
as conducted with varying catalyst amount from 5 to 15 g/L.
he results are illustrated in Fig. 8. As the photocatalyst amount

ncreased from 5 to 12.5 g/L the degradation efficiency of OG
nhanced, and reached the maximum of 99.1% after 60 min treat-
ent, when the catalyst amount was 12.5 g/L. This is due to

he increase in the catalyst amount, which contributed to the
ig. 8. The effect of catalyst amount on the degradation of OG (pH 2.00,
H2O2]0 = 1.5 mL/L, [dye]0 = 50 mg/L).
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ig. 9. The relationship between different initial concentrations of OG and time
pH 2.00, [H2O2]0 = 1.5 mL/L, [Sn(IV)/TiO2] = 10 g/L).

lyst may account for the decreased degradation efficiency of
G solution [21]. The excessive of catalyst prevented the illu-
ination of TiO2. Hence, •OH radicals, a primary oxidant in the

hotocatalytic system, decreased and the degradation efficiency
f OG reduced accordingly.

.6. Kinetics analysis

In this section, a series of OG solution were prepared, and the
nitial concentrations of OG were about 10, 20, 30, 40, 50, and
0 mg/L, respectively. The relationship between the concentra-
ion of OG and the illumination time catalyzed by Sn(IV)-doped
iO2 are plotted in Fig. 9. Based on the removal curves, the
egradation reaction rate constants and initial reaction r0 were
alculated and are summarized in Table 1.

In this reaction, 1/r0 were plotted versus 1/C0 based on the
ata from Table 1. As shown in Fig. 10, 1/r0 correlated to 1/C0
ell, so the degradation of OG catalyzed by Sn(IV)/TiO2/AC
tted with the Langmiur–Hinshelwood (L–H) kinetics model,
hich is commonly expressed as Eq. (6) [11,24–26]:

0 = −dc

dt
= kKAC0

1 + KAC0
(6)
here r0 is the initial photocatalytic degradation rate
mg L−1 min−1), C0 the initial concentration of OG (mg L−1),
the apparent reaction rate constant (mg L−1 min−1), and KA is

he adsorption equilibrium constant (L mg−1).

c
i
s
c

able 1
he parameters of photocatalytic reaction at different initial concentration of OG

atalyst Initial OG concentration,
C0 (mg/L)

Reaction
(min−1)

n(IV) + TiO2/AC

9.8 0.03219
20.6 0.03688
31.0 0.04671
42.7 0.05860
52.5 0.07220
65.0 0.05312
ig. 10. The relationship between 1/r0 and 1/C0 at different initial concentra-
ions of OG.

Linearization of Eq. (6) gives the relationship (Eq. (7)):

1

r0
= 1

kKA

1

C0
+ 1

k
(7)

According to the Langmiur–Hinshelwood (L–H) kinetics for-
ula and the formula fitted in Fig. 10 a straight line was obtained
ith an intercept of 1/k and 1/(kKA), from which k and KA were

stimated at 15.4 (mg L−1 min−1) and 4.95 × 10−3 (L mg−1).
he regression line had a correlation coefficient of 0.9991. The

esults, k > KA (shown in Table 1), suggested that a surface reac-
ion, where the dyes were absorbed, was the controlling step of
he process.

.7. Effect of co-existing negative ions

As we all know, there are large amounts of negative ions,
uch as SO4

2−, H2PO4
− and so on in wastewater of textile

nd dyestuff industries, whose effects on photodegradation of
G cannot be neglected. So Na2SO4 and NaH2PO4 were cho-

en to change the concentrations of SO4
2− and H2PO4

− in OG
olution because the effect of Na+ could be negligible [27]. As
hown in Figs. 11 and 12, the presence of SO4

2− and H2PO4
−

educed the degradation efficiency of OG, and the elevated con-

entrations of SO4

2− and H2PO4
− caused an obvious decrease

n the degradation efficiency of OG. The above results also
howed that H2PO4

− had more significant effect in the ion
oncentration range of experiment. This could be explained by

rate, k1 Initial reaction rate, r0

(mg/L/min)
Removal rate (%)

0.72 87.7
1.30 91.0
1.90 94.2
2.92 96.4
3.53 98.1
3.75 95.6
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Fig. 11. The effect of SO4
2−on the degradation of OG (pH 2.00,

[H2O2]0 = 1.5 mL/L, [dye]0 = 50 mg/L, [Sn(IV)/TiO2] = 12.5 g/L).
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ig. 12. The effect of H2PO4
− on the degradation of OG (pH 2.00,

H2O2]0 = 1.5 mL/L, [dye]0 = 50 mg/L, [Sn(IV)/TiO2] = 12.5 g/L).

egative ions adsorbed on the surface of catalyst, resulting in
he decreased amount of adsorbed OG. In addition, as shown
bove, the adsorption of dyes was the controlling step of the
rocess. Consequently, the degradation efficiency of OG was
educed accordingly. We concluded that SO4

2− and H2PO4
−

ad negative effects on degradation of OG, and this assumption
arrants further experiments for confirmation.

. Conclusions

The results of the present investigation conclude that the
hotocatalytic activity of Sn(IV)/TiO2/AC is improved by the
ddition of Sn(IV), and that the optimal calcination temperature
f this photocatalyst is 550 ◦C, the optimal dopant concentra-

ion of Sn(IV) is 2.5 at.%.It has been found that the solution
H, the H2O2 concentration, the photocatalyst amount, the ini-
ial dye concentration and the co-existing negative ions are the

ain factors that have strong influences on the photodegrada-

[
[
[

[

is A: Chemical 260 (2006) 241–246

ion of OG. The optimal operation parameters for this reaction
ere 1.5 mL/L [H2O2]0, 12.5 g/L [2.5 at.% Sn(IV)/TiO2] for
0 mg/L [dye]0 at an initial pH of 2.0 with a 300 W high pres-
ure mercury light irradiated. Under these conditions, 99.1%
egradation efficiency of dye in aqueous solution was achieved
fter 60 min reaction. The photocatalytic degradation kinetics
f OG on Sn(IV)/TiO2/AC immobilized membranes fits the
angmiur–Hinshelwood kinetics model well. The results, that
> KA, suggested that a surface reaction, where the dyes were
bsorbed, was the controlling step of the process. Besides the
nfluence of co-existing negative irons in OG solutions, such
s SO4

2− and H2PO4
−, cannot be neglected. Both SO4

2− and
2PO4

− have negative effects on the degradation of OG, and
2PO4

− has more significant effect.
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