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Photocatalytic removal of methyl orange under ultraviolet radiation has been studied using attapulgite
(ATT) composites, which were synthesized by depositing SnO,-TiO, hybrid oxides on the surface of
ATT to form a composite photocatalyst (denoted ATT-SnO,-TiO;) using an in situ sol-gel technique.
Results showed that SnO,-TiO, nanocomposite particles with average size of about 10 nm were loaded
successfully on to the surface of ATT fibers and were widely dispersed. Correspondingly, the photocatalytic
activity of ATT was improved significantly by loading SnO,-TiO,. The photoactivity of the composite
photocatalyst decreased in the sequence ATT-SnO,-TiO; > ATT-SnO; > ATT-TiO, > ATT. In order to achieve
the best photocatalyst, the molar ratio of SnO, and TiO; in the ATT-SnO,-TiO, composites was adjusted
to give a series with proportions r=nr;/(ny +nsy)=0.0, 0.25, 0.33, 0.50, 0.67, 0.75, 0.80, 0.82, 0.86, 1.0.
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Sol-gel technique Results indicated that the proportion of SnO, and TiO, had a critical effect on the photocatalytic activity,
Sn0,-TiO, which increased as the content of TiO, increased to r<0.82 and decreased when r>0.82. The highest

degradation rate of methyl orange was 99% within 30 min obtained by using ATT-SnO,-TiO, withr=0.82.

The repeated use of the composite photocatalyst was also confirmed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the application of solar energy conversion to environ-
mental cleanup has been one of the most active research areas
in photocatalysis [1-4]. The use of titanium dioxide for advanced
water treatment and water purification processes has attracted
growing attention since 1972 [5]. It is well known that the pho-
tocatalytic activity of TiO, usually depends on the ratio of the
transfer rate of surface charge carriers from the interior to the
surface and the recombination rate of photo-generated charge car-
riers. If the recombination occurs too rapidly (<0.1 ns), there is not
enough time for other chemical reactions to take place [6]. It is
therefore important to decrease the recombination of photogen-
erated charge carriers. Coupling TiO, with other semiconductors
has been widely studied and the corresponding composite photo-
catalysts have been proved to perform well because of their high
quantum yield [7-9]. For example, Tada [10-13] and Vinodgopal
and Kamat [14] conducted systematic research on the use of SnO,
as acoupled semiconductor and confirmed that the photogenerated
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electrons in the SnO,-TiO, system can accumulate on the SnO, and
the photogenerated holes can accumulate on the TiO, because of
the formation of a heterojunction at the Sn0O,-TiO, interface. This
can result in a lower recombination rate of photogenerated charge
carriers, higher quantum efficiency and better photocatalytic activ-
ity.

But all of these photocatalysts have the same problems, includ-
ing their fixation, diffusion and recycling. It has been reported that
the support-based photocatalysts, which can adsorb and concen-
trate the reactants but still allow the latter to diffuse from the
adsorption site to the photocatalyst surface, were quite efficient in
improving the degradation rate of the pollutants [15-17]. In addi-
tion, supported catalysis has been awarded the status of “green”
chemistry because it allows easy separation of the products and per-
mits the recycling and reuse of the catalysts, giving both operational
and economical advantages [18]. For example, hybrid photocata-
lysts consisting of TiO, and activated carbon (AC) have been shown
to exhibit a higher rate of degradation of several organic compounds
compared with that of unmodified TiO; [16,17]. Another promising
material for these systems is clay or a clay-based matrix, which is
chemically inert, resistant to deterioration, commercially available
in large quantities and has many industrial, catalytic and environ-
mental applications [19-25].

Attapulgite (ATT, or palygorskite, as it often called), a species
of hydrated magnesium aluminum silicate non-metallic min-
eral [(H,0) 4(Mg,AlFe)s(OH),Sig0,9-4H,0] with commonly a lath
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or fibrous morphology, is characterized by a porous crystalline
structure containing tetrahedral layers alloyed together along lon-
gitudinal sideline chains [26]. Due to its unique structure and
considerable textual properties, natural ATT has been widely used
as adsorbents, adhesives, catalysts and as catalyst supports [27-33].
Zhao [29,32] prepared silver and copper modified ATT/TiO, pho-
tocatalysts by a hydrolysis method, which exhibited much higher
activity than that of the pure TiO, for the degradation of methylene
blue. Lei et al. [ 18] prepared ATT-supported Sn catalysts for the cat-
alytic oxidation of cyclic ketones and acyclic ketones by hydrogen
peroxide, affording the corresponding lactones or esters with selec-
tivity of 90-99%. In this work, we have used ATT as the support for
the SnO,-TiO, hybrid oxide for the photodecomposition of methyl
orange. The resultant ATT-SnO,-TiO, photocatalysts showed inter-
esting photocatalytic activity, suggesting that this ATT-SnO,-TiO,
system could be a potential environmental catalyst system.

2. Materials and methods
2.1. Preparation of photocatalysts

ATT, with an average particle size of 200-mesh, was provided by
Jiangsu ATP Co. Ltd. Its chemical composition was 58.23-66.30%
Si0,, 10.50-11.90% Al,03, 8.10-12.65% MgO, 5.80-6.51% Fe,03,
0.76-1.10% TiO3, 0.008-0.15% Mn;03, 0.68-0.91% K50, 0.29-4.15%
CaO and 0.02-0.13% MnO. Tetrabutyl titanate (Ti(OBu)s) and
hydrous sub-stannic chloride (SnCl,-2H,0) were used as precur-
sors for titania and stannic oxide, respectively. The mass ratio of
ATT and SnO, in the later composite photocatalyst was fixed at
about 10/3. In order to adjust the proportions of SnO, and TiO,
in ATT-Sn0O,-TiOs, the values of r=nr/(ny +ns,) were set to 0.0,
0.25, 0.33, 0.50, 0.67, 0.75, 0.80, 0.82, 0.86, 1.0, where nr; and ngy
represent the molar numbers of SnO; and TiO,, respectively. r=0.0
corresponds to ATT-SnO,, whereas r= 1.0 corresponds to ATT-TiO5.

The preparation procedure for the ATT-SnO,-TiO; nanocom-
posites is illustrated in the flowchart of Fig. 1. In order to reduce the
time required for the overall synthetic process, the first step is the
simple purification of ATT. Raw ATT (5 g) was dispersed in 100mL
distilled water in an ultrasonic bath for 0.5 h, then the nether sand
and large stones were removed. This produced a homogeneous ATT
suspension which was used directly in the later modification sec-
tion without further acid activation. Secondly, appropriate amounts
of SnCl,-2H,0 (e.g. m=2.25g for r=0.82) were dissolved in 15mL
dense hydrochloric acid and added slowly to the upper ATT suspen-
sion. The mixture was thoroughly stirred using a magnetic mixer
for 0.5h. Then concentrated ammonia was added to make SnCl,
hydrolyze in situ and deposit nanosized Sn(OH), on to the surface
of the ATT. The ultimate pH value of the suspension was adjusted
to 6-7 to ensure the complete hydrolysis of SnCl,. After aging for
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4 h, the mixture was filtered and washed with distilled water. The
resulting solid was dried at 80 °C for 4 h and subsequently calcined
at 300°C for 4 h and denoted as ATT-SnO,. Thirdly, a given amount
of Ti(OBu)4 (e.g. m=17.00 g for r=0.82) was added to the ATT-SnO,
powders whilst milling and then 100 mL distilled water was added
drop by drop to let the Ti(OBu)4 hydrolyze in situ to deposit Ti(OH )4
on to the surface of the ATT-SnO,. After vigorous stirring for 4h,
the suspension was filtered, washed with water, dried at 80°C and
calcined at 300°C for 4 h. After grinding to about 200 meshes in a
carnelian mortar, SnO,-TiO, binary oxides coated on to ATT were
obtained and labelled as ATT-SnO,-TiO,-r, where r represented the
proportion of Sn0O, and TiO, loaded.

2.2. Characterization

The crystalline phase structure was determined with a
ARL/X/TRA X-ray diffractometer using Cu Ko radiation. The BET
surface area was evaluated by N, adsorption in a constant volume
adsorption apparatus (Coulter SA 3100). Scanning electron micro-
graphs (SEM) were recorded on a LEO-1530VP SEM microscope at
25keV and the transmission electron microscopy (TEM) analysis
was performed on aJEOL-2100 microscope, operating at 200 kV. The
samples were dispersed in ethanol and treated with ultrasound for
5 min, and then deposited on a copper grid coated with a preformed
hole-filled carbon film. The approximate content of the covered
TiO, and SnO, was determined by inductively coupled plasma (ICP)
spectroscopy (Perkin-Elmer Optima-2000 DV). Before the test, the
ATT-Sn0O,-TiO, was dissolved in a mixed solution of H,SO4/H,0,
(3:1), and then the sediment filtered. The resulting solution was
diluted to give concentrations of Ti>* and Sn** of about 50 ppm.

2.3. Adsorption/photocatalytic activity measurements

The photoreactivity of the composite catalyst was evaluated by
measuring the methyl orange decomposition under UV irradiation
using an XPA photochemical reactor (Nanjing Xujiang Factory of
Electrical Engineering, Jiangsu, China). A 300 W high-pressure mer-
cury lamp provided the irradiation. The initial concentration of
methyl orange in the quartz reaction vessel was fixed at 20 mg/L
(pH~ 5) with an as-prepared catalyst loading of 1 g/L. The reaction
cell (400mL) was bubbled with air at a flow rate of 20 mL/min.
The extent of the methyl orange decomposition was determined
by measuring the value of the absorbance at 465 nm using a UV-
1100 spectrometer. The decomposition rate of methyl orange was
calculated by the following formula:

Ao—A
0

Decomposition rate = x 100%

Attapulgite 5g
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Fig. 1. Preparation procedure of ATT-SnO,-TiO, composite photocatalyst.
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where A is the absorbance of the methyl orange solution before
irradiation and A is the absorbance of methyl orange solution after
irradiation.

For the repeated use of the photocatalysts, we accumulate the
residual solution both in the reaction vessel and the centrifugal
tubes. Then the residual solution was centrifuged, washed with
distilled water, dried at 80°C and activated at 300°C for 4 h. The
product obtained was labelled as ATT-SnO,-TiO,-r (callback). The
photocatalytic property of ATT-SnO,-TiO,-r (callback) was mea-
sured under the same conditions as described above.

The adsorption capacity of the catalysts was measured in the
similar way to that of photocatalytic activity measurements. The
only difference is that the adsorption process was carried out with-
out UV irradiation.

3. Results and discussion
3.1. Characterization of the ATT-Sn0,-TiO, nanocomposites

Fig. 2 shows the XRD patterns of the simple purified ATT powders
before and after calcination for 4 h at 300 °C. The peak positions at
20 values of 8.34°, 25.42°, 42.6° and 54.97° correspond to the crys-
tal structure of ATT [34]. Low intensity scattering from other clay
minerals such as montmorillonite and quartz were also found in the
attapulgite. However, to be simple and operable, the ATT powder
was used in the later sections without further purification because
the tiny quantities of impurities clearly do not influence the prop-
erties of the composite photocatalyst. By comparing Fig. 2a with
b, little difference is found between the scattering peaks from the
two different samples, indicating that the crystal structure does
not change after treatment at 300 °C. It is necessary to note that the
ATT samples used in the following experiments were all calcined at
300°C for 4 h.

Fig. 3 shows the XRD patterns of ATT-Sn0,-TiO, with different
compositions. The characteristic reflections for ATT were observed
in all of the samples (Fig. 3a-f). This phenomenon suggested that
the modification process did not destroy the characteristic structure
of ATT. In comparing the XRD patterns of ATT-SnO, (Fig. 3b) with
that of ATT (Fig. 3a), the characteristic reflections for SnO, were
also observed, indicating that SnO, particles had been loaded on to
the surface of ATT[15,35]. The same reflections were detected in the
XRD patterns of ATT-Sn0,-TiO, with different proportions [r=0.25
and r=0.5] (Fig. 3c and d), which were caused by the larger amounts
of SnO, compared with those of TiO,. The characteristic reflections
for TiO, (anatase) appeared in the XRD patterns of ATT-SnO,-TiO;-
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Fig. 2. XRD patterns of attapulgite (a) before and (b) after calcination at 300°C.
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Fig. 3. XRD patterns of samples (a) ATT, (b) ATT-Sn0,-0.0, (c) ATT-SnO,-TiO,-
0.25, (d) ATT-Sn0,-Ti0,-0.5, (e) ATT-Sn0O,-Ti0,-0.75, (f) ATT-Sn0,-Ti0,-0.82, (g)
ATT-TiO;-1.0. (+) attapulgite, (x) TiO, (anatase) and (4) SnO,.

0.75 (Fig. 3e) and the reflections for SnO, were also detected. From
then on, the characteristic reflections of TiO, strengthened and the
reflections of SnO, weakened gradually, with increasing amounts
of TiO, (Fig. 3f and g). All these results implied that the SnO,-TiO,
binary oxides were loaded on to the surface of the ATT. The dif-
ferent dosages r=ny;/(ny; + nsy ) have an effect on the crystallogram
of ATT-Sn0,-TiO;; the more TiO, was added, the higher would
be the intensities of the TiO, reflections. Accordingly, this result
may influence the photocalytic property of ATT-Sn0,-TiO, with
different proportions of SnO,-TiO,.

Fig. 4 shows the XRD patterns of ATT-Sn0O,-TiO,-0.82 before
and after three photocatalysis runs. It can be seen that the XRD
patterns were quite consistent with each other, indicating that the
photocatalyst maintained its stable structure after being used three
times as a catalyst. This result suggests that the ATT-SnO,-TiO,
composite catalyst can be used repeatedly.

Fig. 5 shows the TEM images of ATT and ATT-SnO,-TiO,-0.82.
After simple purification, the ATT (Fig. 5a) emerged as rods (or
fibers) and dispersed very well in water with an average diam-
eter of about 20nm and a length of 500-2000 nm. Fig. 5b is the
TEM photograph of ATT-Sn0,-Ti0,-0.82. It demonstrates that the
Sn0,-TiO, nanocomposites were loaded successfully on to the sur-
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Fig.4. XRD patterns of ATT-Sn0O,-Ti0,-0.82 (a) before catalysis (b) after three times
of catalysis. (+) attapulgite, (x) TiO, (anatase) and () SnO,.
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Fig. 5. TEM images of samples: (a) attapulgite (b) ATT-Sn0O,-Ti0,-0.82.

face of ATT and their average particle size was about 10 nm. The
sample shows a uniform distribution of spherical particles, with-
out any obvious aggregation, dispersed over the surface of the
ATT fibers. TEM images of other ATT-SnO,-TiO, (r=0.0, 0.25, 0.33,
0.50, 0.67, 0.75, 0.80, 0.86, 1.0) nanocomposites were quite simi-
lar.

The SEM images also confirmed the above result (Fig. 6). Com-
paring with the original ATT (Fig. 6a), the outer structure of
ATT-Sn0,-TiO, (Fig. 6b) had obviously changed. Because the par-
ticles are somewhat damaged during their production, the average
size of the ATT composites was reduced and the edges and cor-
ners of the ATT rods were no longer so sharp. At the same time,
there are lots of ultrafine particles loaded on to the interface of the
ATT. All these results directly demonstrate that the ATT-Sn0O,-TiO,
nanocomposites had been successfully synthesized.

The Ti or Sn content in the deposited photocatalysts was deter-
mined by ICP and the results are shown in Table 1. It can be seen
that the content of Ti and Sn was slightly lower (about 4%) than the
theoretical values because of the mass loss during the dissolving
process. However, the molar ratio of Ti or Sn is consistent with the
intended composition, from the quantities added to the reactor as
raw material. This suggests that the composition of the composite
catalysts can be controlled by in situ sol-gel techniques.

Fig. 6. SEM images of samples: (a) attapulgite and (b) ATT-Sn0,-Ti0,-0.82.

The nitrogen adsorption-desorption isotherms of ATT,
ATT-SnO, and ATT-SnO,-TiO, are shown in Fig. 7, and their
BET surface area is listed in Table 1. In general, the surface area
varies slightly before and after the coating modification (Table 1),
indicating that the characteristic structure of ATT was maintained,
which is consistent with the XRD and TEM results. The surface
area of ATT-Sn0,-TiO, with different values of r=nr;/(ng +nsy)
changed in the sequence ATT-TiO, > ATT-Sn0O,-TiO; > ATT-SnO>.
The pore volume and BET surface area of the ATT composites
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2
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Fig. 7. N, sorption-desorption isotherms of ATT and other composite catalysts.
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Table 1
Amount of Ti, Sn and specific surface area of the product.
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Sample ATT (300°C)  ATT-SnO, (r=0.0) ATT-Sn0,-TiO, (r=0.25) ATT-Sn0,-TiO, (r=0.82) ATT-Sn0,-TiO; (r=0.82)(callback) ATT-TiO; (r=1.0)
Content of Ti (wt.%) 0 0 2.34 16.14 16.09 8.26
Content of Sn (wWt.%) 0 18.13 17.42 16.83 16.20 0
BET (m2g') 155.2 119.30 150.42 147.03 134.77 202.11
1.4 microporous structures. This difference could affect their catalytic
1 (a) performance significantly.
1.2_=K:"""'v—v VYV VYV —Y— ¥V —V—V—V¥
- 3.2. Adsorption/photocatalytic properties of
: '\ attapulgite-Sn0,-TiO, nanocomposites
()
§ 0.8+ b —=—ATT-SnO, The photocatalytic activities of a series of photocatalysts were
'g \ \. —®—ATT-TIO, ] characterized by the degradation test of methyl orange with UV
2 064 \' \ m—ATT=Sn0.:TIO(=0.82) irradiation (Fig. 8 and Table 2). According to the blank test, the
< 1 \ \ . —y—alL original ATT did not possess any photocatalytic activity on methyl
0.4+ & \. orange and the faint decrease of absorbency (ca. 3%) was attributed
1 e to its poor adsorption and the degradation by UV irradiation.
0.2 \ S \.\ Since ATT carries a negative charge on its surface and the methyl
1 g \.1_\'/.: orange molecule usually also carries a negative charge in solution
0.0 — T = (pH=5-6), the sorption between ATT and methyl orange molecule
0 20 40 60 80 100 120 140 was quite weak even though the ATT presents a high surface area.
Time/min Hence, the adsorption or photocatalytic activity of composite pho-
14 tocatalysts resulted from the surface active oxides.
(b) As shown in Fig. 8a, the order of photocatalytic activ-
ity for the degradation of methyl orange was as follows:
ATT-Sn0,-TiO, > ATT-SnO, > ATT-TiO,. The photocatalytic activ-
ity of ATT-SnO, was better than that of ATT-TiO,, which may be
caused by the higher adsorptive ability of ATT-SnO, (see Table 2).
Since the surface SnO, presents acidic properties, it changes the
§ 0.8 composite catalyst surface charge from negative to positive; this is
s very helpful for the absorption of more methyl orange molecules on
§ 0.6 to the surface of the nanocomposites, allowing the photocatalyst to
2 " work efficiently (see Table 2). In contrast, the TiO, surface is almost
0.4 = st neutral because the reaction solution pH is close to pHzpc~6.8
o 7nd = & [36,37]. So the ATT-TiO, composite catalyst failed to absorb more
0.2 methyl orange molecules even though it had a higher surface area.
3rd \'\ The excellent photocatalytic activity of ATT-SnO,-TiO, nanocom-
ook Y 4th - posites should be attributed to its anatase structure as well as
the sensitization by coupling with SnO,. The different conduction
o = 0 5 10 I M 1 30 bands of Sn0, and TiO, result in the efficient separation of photoin-
Time/min duced electron-hole pairs and high quantum yield was achieved

Fig. 8. Photocatalytic degradation of methyl orange by: (a) different catalyst and (b)
ATT-Sn0,-Ti0,-0.82 (callback).

decreased slightly when SnO;, or SnO,-TiO, binary oxides were
deposited on it. This may be caused by the blockage of the ATT pores
with nanosized particles. The BET surface area of ATT-SnO,-TiO5-
0.82 (callback) is also presented and shows a modest decrease
after usage for photocatalysis three times, suggesting the stability
over repeated usage of the photocatalyst. On the other hand, the
isotherm profiles of ATT and ATT-SnO, were classified as type
I, and the profile of ATT-Sn0O,-TiO, was classified as type 1V,
according to the IUPAC classification [8]. The different isotherm
profiles of type III and type IV of the samples indicated different

Table 2

[8,9]. Also, its high specific surface area, good dispersibility and finer
absorptive ability is very helpful for achieving better photoactivity.
On the other hand, the different microporous structures may also
be responsible for this result.

By comparing the photocatalytic activity of ATT-SnO,-TiO,-
0.82 (callback) with that of ATT-SnO,-TiO,-0.82 (Fig. 8b), it
was found that the photodecomposition rate of methyl orange
decreased slightly, indicating that the ATT-SnO,-TiO, could be
reused.

Investigation of the photocatalytic activity of ATT-SnO,-TiO,
with different proportions of ny; and ngy, (Table 2 and Fig. 9) shows
that the photodecomposition rate of methyl orange increased with
increasing TiO, content for all values of r < 0.82 and then decreased
for r>0.82. The highest degradation rate was reached by using

Absorption and photodecomposition rate of methyl orange by different catalyst within 30 min.

Samples ATT ATT-Sn0,-TiO,-1

0.0 0.25 0.33 0.50 0.67 0.75 0.8 0.82 0.86 1.0
Absorption (%) 0.74 46.92 11.71 7.03 20.52 19.62 23.33 28.04 38.85 29.07 291
Removal rate of methyl orange (%) 3.80 76 36 54 78 92 97 95 99 93 50
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Fig. 9. Correlative chart of absorption and photodecomposition rate of methyl
orange and r=ny/(ng + Nsp ).

ATT-SnO,-TiO, (r=0.82), which was 99% within 30 min. One pos-
sible reason for this phenomenon is that the absorption capacity of
ATT-Sn0O,-TiO, influences its photocatalytic activity. Generally, the
higher the absorption capacity, the better the photocatalytic activ-
ity of the composite catalyst would be (see Table 2 and Fig. 9). At
the same time, the amount of SnO, has a pronounced effect on the
band structure of the composite catalyst obtained. The best pho-
tocatalyst is achieved when the ratio of SnO, and TiO, is adjusted
to r=ny;/(ng + nsp) = 0.82. A similar result has been found for other
composite photocatalytic systems. Khan and Kim [38], Yang et al.
[8] and EI-Maghraby [9] also reported that the proportion of SnO,
and TiO, affects the photocatalytic activity of TiO,-SnO, composite
catalysts. From Fig. 9, the ratio of SnO, and TiO; should be adjusted
to r=0.67-0.86 in order to achieve a good photocatalyst.

4. Conclusions

Attapulgite was used as the sorbent and the carrier of
the Sn0,-TiO, photocatalyst, and a series of SnO,-TiO,
[r=ng/(ng +nsy)=0.0, 0.25, 0.33, 0.50, 0.67, 0.75, 0.80, 0.82,
0.86, 1.0] hybrid oxides were deposited on to its surface by
an in situ sol-gel technique. The products obtained were char-
acterized carefully and the results showed that the surface
morphology of the original attapulgite was effectively reformed
and the Sn0O,-TiO, nanoparticles, of average size about 10 nm,
were successfully introduced on to the surface of the ATT
fibers without obvious aggregation. Photocatalytic removal of
methyl orange was studied using a series of the ATT-Sn0O,-TiO,
composite photocatalysts. It was found that the photoactivity
of ATT was clearly improved after the coating modification
and that the proportion r=ng/(nr+nsy) had an important
effect on the photocatalytic property. This decreased in the
sequence ATT-SnO,-TiO, > ATT-SnO, > ATT-TiO, > ATT. The best
ATT-Sn0,-TiO, photocatalyst was obtained when the value of
r was adjusted to 0.82. For this, a decomposition rate of methyl
orange 99% within 30min was achieved. Experiments proved
that the ATT-Sn0O,-TiO, composite photocatalyst could be used
repeatedly.
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