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Abstract

TiO, and sulfated TiO, (SO,>~/TiO,) catalysts with different textural properties were prepared under different calcination temperatures and the
photo-reduction of Cr(VI) to Cr(IIl) catalyzed by these catalysts was investigated. For the photocatalytic reduction of Cr(VI), the photocatalytic
activities of the TiO, samples were found to be strongly dependent of the calcination temperature and TiO, calcined at 400 °C showed a higher
catalytic activity compared to other TiO, catalysts. In contrast, sulfation of TiO, stabilized the catalytic activities of SO4>~/TiO, catalysts. At
low calcination temperature, SO,2~/TiO, catalysts exhibited catalytic activities almost comparable with that of TiO, and the catalytic activities of
S04%/TiO, catalysts were markedly higher than TiO, under high calcination temperature. In addition, the removal of surface S0,% of SO,27/TiO,
catalyst led to a marked decrease of the catalytic activity for Cr(VI) photo-reduction, suggesting that the presence of surface SO,>~ provided an
acid environment over the catalyst surface and favored the photo-reduction of Cr(VI).

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

As one of the advanced oxidation processes (AOPs), pho-
tocatalytic abatement of pollutants has attracted considerable
interest from both academic and industrial societies [1-3]. TiOy
photocatalyst was considered as one of the most practical candi-
dates due to its high stability and photocatalytic efficiency [4-6].
Recently, much attention has been paid to modifying TiO, to
enhance its catalytic efficiency or expand its applicability under
solar irradiation [7-9].

Modification of TiO; via sulfation has been proved to
be an effective approach to enhance its catalytic efficiency.
Goémez et al. [10] studied the photocatalytic degradation of 2,4-
dinitroaniline and observed that SO42_/Ti02 showed a higher
catalytic activity compared to TiO,. Samantaray et al. [11] also
found that 4-nitrophenol could be effectively decomposed in the
presence of SO42~/TiO». In general, sulfation of TiO, can cause
marked changes in the specific surface area, crystallinity, crys-
talline transformation and surface acidity of TiO,, which may
control its catalytic activity. However, the influence of surface
S04~ on the photocatalytic performance of sulfated TiO, is
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still in controversy. Coldn et al. [12] studied the degradation
of phenol and concluded that the enhanced catalytic activity
was not relative to the increased surface acidity of sulfated
TiO,.

The photocatalytic removal of pollutants is based on the exci-
tation of electrons from the valence band to the conduction band
of the semiconductor initiated by the light absorption [1,2,13].
In principle, the excited electrons or holes can be utilized to
reduce or oxidize pollutants, respectively. For SO4%~/TiO5 cat-
alyst, most studies focused on the oxidation of pollutants using
the excited holes [10-12,14—16]. However, the catalytic behav-
jor of SO42~/TiO; in the photo-reduction reactions, which is
based on the utilization of the excited electrons, was seldom
addressed [7] and the influence of its structural properties on the
efficiency of photocatalytic reduction is still unclear.

Cr(V]) pollution has been found in the wastewater from
industrial processes, such as mining, leather tanning, metal elec-
troplating, paint making, etc. [17]. In a typical treatment process,
Cr(VI) can be reduced to less toxic Cr(IIl) by reducing agents,
such as ferrous sulfate and sodium bisulfite. The resulting Cr(III)
in the wastewater can be removed subsequently by precipita-
tion at neutral or alkaline pH. However, a larger dosage of the
reducing agent than the stoichiometric amount has to be used in
order to completely reduce Cr(VI) to Cr(III). As an environment-
friendly treatment process, photocatalytic reduction has been
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explored and proved to be effective in the reduction of Cr(VI)
to Cr(IIT) [1,18-22].

In this contribution, TiO5 and SO4%~/TiO, catalysts with dif-
ferent properties were synthesized and the photo-reduction of
Cr(VI) catalyzed by these catalysts was evaluated. The objective
of this study is to investigate the dependence of the photocat-
alytic performance on their textural properties and the role of
surface SO42~ in SO42~/TiO, catalysts.

2. Experimental
2.1. Preparation of catalysts

TiO, precursor was prepared using the sol-gel method. In a
typical synthesis, a mixture of 20 ml distilled water and 20 ml
isopropanol was introduced into a mixture of 40 ml titanium
tetraisobutyloxide and 200 ml isopropanol at room tempera-
ture with strong stirring. The resulting gel was then recovered
by centrifugation followed by a distilled water rinse. Subse-
quently, TiO; precursor was obtained by drying at 80 °C for
12h. TiO, samples with different properties were prepared
by calcining the TiO; precursor at corresponding temperatures
for 4 h.

S04%~/TiO, was prepared by impregnating 1.0 g of TiO, pre-
cursor with 5 ml of 0.2 M H,SO4 for 24 h followed by drying at
80°C. Different SO42~/TiO; samples were obtained by calcin-
ing H»SO4 impregnated TiO; at different temperatures for 4 h.
The resulting catalysts are labeled as TiOz-x or S042/TiOy-x,
where x denotes the calcination temperature (°C).

2.2. Surface treatment of sulfated TiO; with Na;CO3
solution

For the surface treatment of SO42~/Ti0,-500, 1 g of
S0427/Ti0,-500 was suspended in 100 ml of 0.5M Nay;CO3
solution at room temperature for 24 h in order to remove the
surface SO4%~. The solid particles were then filtrated and rinsed
repeatedly with distilled water till the eluent was neutral. The
sample was subsequently dried at 80 °C for 12 h and the resulting
sample is denoted as S04~ /Ti05-500-W.

2.3. Characterization

XRD patterns of the TiO; and S042/TiO, samples were col-
lected in a Rigaku D/max-RA powder diffraction-meter using Cu
Ka radiation. To determine the content of anatase and rutile in
the samples, quantitative XRD measurements were carried out
using the inter-standard method [23]. As the standard TiO, sam-
ple with known crystallinity degree is unavailable, TiO5 calcined
at 950 °C for 4 h contained pure rutile phase and was considered
as the reference sample with approximately 100% crystallinity
degree. For the sample containing only anatase phase, the cat-
alyst sample was physically mixed with the reference TiO»
sample (50 wt.%/50 wt.%) by repeated grinding and the mixture
was then charged for XRD analysis. Considering that the inten-
sity of XRD diffraction peak is proportional to the mass fraction
of the related crystalline phase, the ratio of anatase mass fraction

to rutile mass fraction in the mixture was calculated as follows
[24]:

Wa/Wr = 0.886AA/ARr (D)

where W and Wg represent the weight fractions of anatase
and rutile, Ay and AR are the integrated intensities of the
anatase(1 0 1) peak and rutile(1 1 0) peak, respectively.

As the content of rutile in TiO3-950 was considered as 100%
and the ratio of sample mass to TiO2-950 mass was 1:1 in
this mixture, the content of anatase in the sample can be thus
obtained:

anatase (%) = (0.886AA/AR) x 100 2)

For the sample containing rutile phase or mixed anatase and
rutile phases, CuO was used as the internal standard. Typically,
the sample or the reference TiO2-950 was physically mixed
with CuO internal standard (50 wt.%/50 wt.%) and the mixture
was then charged for XRD analysis. The resulting XRD spectra
were normalized based on the strongest peak of CuO. The crys-
talline contents of rutile and anatase phases in the samples were
obtained by comparing their normalized XRD spectra with the
normalized spectra of TiO,-950.

The thermogravimetric (TG) analysis of the samples was
conducted on a NETZSCH STA 449C instrument from 20 to
800 °C with an increment of 10 °C/min. The BET surface area
was determined by Ny adsorption on a Micrometrics ASAP 2020
apparatus at —196 °C (77 K).

The acidic properties of the catalysts were characterized
using NH3 temperature programmed desorption (NH3-TPD) and
IR spectroscopy of pyridine adsorption. For NH3-TPD, 100 mg
of sample was pressed into wafers, broken into small pellets and
charged into a quartz reaction tube. The sample was then acti-
vated under N flow by heating at 450 °C for 1 h. After cooling
the sample to 100 °C, NHj3 adsorption was carried out. Physi-
cally adsorbed NH3 was removed by N, purging at 150 °C for
1 h. NH3-TPD of the sample was carried out by heating the sam-
ple from 150 to 450 °C at a rate of 10 °C/min. The amount of
NHj3 desorbed was quantitatively monitored with a TC detector.

For pyridine adsorption, a self-supporting wafer of the sam-
ple was placed in a sample holder in the center of a furnace,
which was connected to a vacuum system. During activation the
sample was heated in vacuo (<10~ mbar) to 400 °C with a rate
of 10 °C/min and kept at this temperature for 2 h. The adsorption
of pyridine was carried out at a partial pressure of 2 x 10~2 mbar
using an equilibration time of 15 min. After removing physically
adsorbed molecules by degassing at 150 °C for 1h, IR spectra
were collected at room temperature with 4 cm™! resolution using
a Vector 22 FT-IR spectrometer. In order to allow quantitative
comparisons of the band intensities, the used sample wafers were
weighted and the spectra were normalized based on the mass of
the wafer.

2.4. Cr(VI) adsorption isotherms

Cr(VI) adsorption isotherms over the catalysts were obtained
using the static adsorption method. Typically, pH value of Cr(VI)
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solution was adjusted to 2.5 with sulfuric acid prior to the adsorp-
tion experiments. 0.05 g of catalyst was suspended in 50 ml
Cr(V]) solution in 100 ml conical flasks with initial concentra-
tions ranging from 1 to 60 mg/l. The conical flasks were shaken
in the dark at 20 °C for 12 h. The catalyst powders were removed
by filtration and the residual concentration of Cr(VI) in the
solution was determined spectraphotometrically using diphenyl-
carbazide as the color agent. Under our experimental conditions,
the difference of Cr(VI) concentration before and after adsorp-
tion on Ti0,-600 and TiO,-700 was almost undetectable due
to their especially small adsorption capacities. Therefore, only
the isotherms of Cr(VI) adsorption on TiO»-300, TiO,-400 and
TiO,-500 were measured in this study.

2.5. Photocatalytic activity

The catalytic activities of the catalysts for Cr(VI) photo-
reduction were investigated. Cr(VI) photo-reduction was carried
out in a NDC photo-reactor equipped with a 500 ml thermostat-
ted cylindrical Pyrex vessel irradiated directly by a high pressure
mercury lamp (500 W), which is shown in Fig. 1. In a typical
run, 0.5 g of the catalyst was suspended in 500 ml of 40 mg/l
Cr(VI) solution with pH 2.5 in the dark for 100 min to reach the
adsorption equilibrium prior to the photo-reduction experiment.
During the photo-reaction, samples were collected at selected
time intervals. The catalyst powders were removed by filtra-
tion and the residual concentration of Cr(VI) was determined
spectra-photo-metrically.

3. Results and discussion
3.1. Catalyst characterization
The quantitative analysis of the crystalline phase content in

the TiO, and sulfated TiO, samples was conducted and the
results are summarized in Fig. 2. The crystalline phases of TiO;-
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Fig. 1. Schematic diagram of photo-reactor.
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Fig. 2. Crystalline phase content of (a) TiO, and (b) sulfated TiO,. Striped
columns: anatase phase; white columns: rutile phase.

300 and TiO;,-400 were found to be pure anatase and the crys-
talline phases of TiO,-500 were anatase and rutile. Increasing the
calcination temperature from 300 to 400 °C led to the increase
of the anatase content from 18% to 25%. As the calcination tem-
perature increased from 500 to 700 °C, the content of rutile was
significantly increased in the TiO, samples. In contrast, only
anatase phase was detected in the SO4%~/TiO, samples pre-
pared at the calcination temperature below 700 °C. In addition,
the content of anatase in SO4>7/Ti0>-300 and SO4*~/TiO5-
400 was found to be approximately 8% and 11%, respectively,
which indicates that the presence of SO4>~ on the surface of
TiO, retards the transformation of TiO, crystalline phases from
amorphous to anatase and from anatase to rutile. The results are
in good agreement with previous reports [11,12].

The average crystallite sizes of the TiO, and sulfated TiO»
samples can be estimated based on XRD patterns using the
Scherrer formula [25] and the results as well as BET surface
areas are compared in Table 1. Under the same calcination tem-
perature, the crystallite sizes of the TiO, samples were found to
be larger than those of the SO42~/TiO, samples, which suggests
that the presence of S042~ onthe surface of TiO, also hinders the
growth of TiO; crystallites. In parallel, increasing the calcination
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Table 1
Average crystallite sizes and BET specific surface areas of TiO, and sulfated
TiO; samples

Sample Crystallite size (nm) BET surface area (m?/g)
Ti0,-300 8.8 115.3
TiO,-400 13.6 89.2
Ti0,-500 44.1 45.0
TiO,-600 58.2 6.5
Ti0,-700 59.4 2.0
S042/Ti0,-300 5.7 191.8
S0427/Ti0,-400 6.0 1712
S0427/Ti0,-500 6.2 143.6
S0427/Ti0,-600 10.3 72.6
S042/Ti0,-700 31.3 22.5

temperature from 300 to 700 °C also led to the decrease of the
specific surface areas of TiO, samples from 115.3 to 2.0 m?/g.
Note that the specific surface area of the sulfated TiO, sample
is larger compared to that of TiO, sample under similar calci-
nation conditions, demonstrating that surface SO42~ suppresses
the aggregation of TiO, particles during the calcination proce-
dure.

TG curves of the TiO; precursor and TiO; precursor impreg-
nated with SO42 are presented in Fig. 3. The total weight losses
of TiO; and sulfated TiO, in the temperature region between
50 and 350 °C were 11.2% and 11.4%, respectively, which is
ascribed to water desorption from the samples. For TiO;, no fur-
ther weight loss was observed at temperature higher than 350 °C.
In contrast, approximately 6.6% of total weight of the sulfated
TiO, sample was further loosed from about 500 °C to 750 °C,
which could be attributed to the decomposition/desorption of
SO42 species on the surface of TiO; at high calcination tem-
peratures [26].

3.2. Cr(VI) adsorption isotherms

In a hetero-catalytic reaction system, the catalytic reaction
basically occurs on the surface of the catalyst. At the same time,
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Fig. 3. Thermogravimetric (TG) curves of (a) TiO, and (b) sulfated TiO, pre-
cursors.

it was always observed that most of photocatalytic reactions
followed Langmuir-Hinshelwood model [27-30], which also
suggests that the adsorption of reactants onto the surface of the
catalyst controls the photocatalytic efficiency. Therefore, infor-
mation about the adsorption of reactants on the surface of the
catalyst is very important for understanding the photocatalytic
performance of the catalyst.

Cr(VI) adsorption isotherms on the TiO, and sulfated TiO;
samples at pH 2.5 and 20 °C are presented in Fig. 4. The adsorp-
tion behaviors of Cr(VI) on the samples could be well described
by the Langmuir adsorption model [31]:

Qc = QobCe/(1 + bCe) 3)

where Q. is the equilibrium adsorption amount (mg/g), Qo the
maximum adsorption amount (mg/g), b the adsorption constant
(I/mg) and C, the equilibrium concentration of Cr(VI) (mg/l),
respectively.
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Fig. 4. Adsorption isotherms of Cr(VI) on (a) TiO, and (b) sulfated TiO, sam-
ples calcined at different temperatures: () 300°C, (d) 400°C, (@) 500°C,
(O) 600°C, (A) 700°C. Solid lines are theoretical fitting curves using Lang-
muir adsorption model.
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Table 2

Parameters of Cr(VI) adsorption on TiO, and sulfated TiO, samples
Sample Qo (mg/g) b (I/mg)
TiO2-300 3.55 0.07
TiO,-400 2.25 0.10
TiO2-500 0.16 0.25
S0427/Ti0,-300 4.25 0.03
S042/Ti0,-400 4.15 0.03
S0427/Ti0,-500 393 0.04
S04 /Ti0,-600 2.40 0.05
S0427/Ti0,-700 0.77 0.05

Qo: the maximum adsorption amount; b: the adsorption constant.

The parameters of Cr(VI) adsorption on the catalysts,
obtained by fitting the experimental data using the Langmuir
adsorption model, are listed in Table 2. For TiO; samples,
increasing the calcination temperature from 300 to 500 °C led
to a decrease of the maximum adsorption amount from 3.55
to 0.16 mg/g. In parallel, increasing the calcination tempera-
ture from 300 to 700 °C resulted in a decrease of the maximum
adsorption amount of the SO4>~/TiO, samples from 4.25 to
0.77 mg/g. The lower adsorption amount of the sample calcined
athigher temperature could be ascribed to the growth of the crys-
tallites, decrease of the specific surface area and/or decrease of
the density of the adsorption sites of the catalyst. This conclusion
is in good agreement with XRD results. Note that the presence
of surface SO4%~ attenuates the dependence of the adsorption
amounts of the SO42~/TiO» samples on the calcination temper-
atures compared with that of the TiO, samples.

In principle, the adsorption amount of Cr(VI) on TiO; or sul-
fated TiO, catalyst is relative to its specific surface area and
density of the surface adsorption sites. The ratio of Cr(VI) max-
imum adsorption amount to the specific surface area, defined as
D (mg/m?), reflects the density of the surface adsorption sites of
the catalyst. The dependence of D values on the calcination tem-
perature is described in Fig. 5. For TiO,, a marked decrease of the
ratio was observed with the increase of the calcination tempera-
ture, which suggests that increasing the calcination temperature
leads to the decrease in the density of the adsorption sites on
the surface of TiO. In contrast, a slight increase of the ratio for
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0.02 1

0.014
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Fig. 5. The dependence of density of adsorption sites on the calcination tem-
perature: () TiO, and (0J) sulfated TiO,.

the SO4%~/TiO, samples was observed with the increase of the
calcination temperature.

Generally, the hydroxyl groups on the surface of TiO, and
sulfated TiO; are considered as the Cr(VI) adsorption sites [32].
At pH 2.5, Cr(VI) exits in the solution as HCrO4 ™, CrO4%~ or
Cr,072~ [33]. Furthermore, the surface of catalyst is positively
charged at pH 2.5 as pHp. of TiO; was reported to be 6.15 [34],
which suggests that Cr(VI) species are adsorbed on the surface of
the catalysts via a electrostatic interaction. Boehm and Herrmann
[35] observed that the density of the hydroxyl groups of TiO»
depended on the calcination temperature. Lopez et al. [36] used
IR spectroscopy to characterize the influence of the calcination
on the hydroxyl groups of TiO; and also found that increasing
the calcination temperature led to the dehydroxylation of TiO»
surface. Therefore, the continuous decrease of the density of the
adsorption sites on the surface of TiO; is essentially related to
the increase of the calcination temperature. For the SO4>~/TiO,
samples, increasing the calcination temperature led to a slight
increase of the density of the adsorption sites, indicating that the
presence of SO42~ preserves the surface hydroxyl groups of the
sulfated TiO, samples. This clearly indicated that the decrease
of Cr(VI) maximum adsorption capacities of the TiO, samples
were resulted from both their increased crystallite sizes and the
decreased densities of the surface adsorption sites. However,
the decreased maximum adsorption amounts of the S0427/TiO;
samples are mainly due to their decreased specific surface areas.

3.3. Photocatalytic activity

In the presence of photocatalyst, Cr(VI) can be reduced to
Cr(III) by the excited electrons initiated by UV irradiation. The
overall reaction of Cr(VI) photo-reduction could be described
as follows [37,38]:

Cr,072~ + 14H' + 66~ — 2Cr*T +7H,0 4)
2H,0 + 4ht — O, +4H* ®)

The time profiles of Cr(VI) photo-removal catalyzed by the
TiO, and SO4>~/TiO, samples are compared in Fig. 6. The
results indicated that TiO»-400 had a slightly higher catalytic
activity compared to TiO,-300. At the calcination temperature
higher than 400 °C, the catalytic efficiency of TiO, markedly
diminished with the increase of the calcination temperature. In
contrast, no marked difference in the catalytic efficiencies was
observed for the SO42~/TiO5 samples prepared at the calcination
temperature lower than 600 °C. Calcination of SO4>~/TiO, at
700 °C led to a marked decrease of the catalytic activity.

Typically, the photocatalytic removal of inorganic and
organic pollutants follows Langmuir-Hinshelwood model
[27-30]. For Cr(VI) photo-reduction, Ku and Jung [33] observed
that Cr(VI) photo-reduction fitted first-order reaction kinet-
ics. Our fitting results also showed that the kinetics of Cr(VI)
photo-reduction catalyzed by different catalysts could be well
described as pseudo-first-order kinetics:

r = —dC/dt = KyppC: ©6)
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Fig. 6. Photo-reduction of Cr(VI) catalyzed by (a) TiO; and (b) sulfated TiO,
samples calcined at different temperatures: (l) 300 °C, () 400 °C, (@) 500 °C,
() 600°C, (A) 700 °C. The pH value of solution was 2.5, initial concentration
of Cr(VI) ion was 40 mg/1, dosage of catalyst was 1 g/1.

In(Co/Cy) = Kappt N

where C, denotes the initial concentration of Cr(VI) (mg/l), C;
the concentration of Cr(VI) at reaction time f and Kjpp is the
apparent rate constant (min~!), respectively.

The apparent rate constants of the catalysts for Cr(VI) photo-
reduction, obtained by fitting the experimental data, are com-
pared in Fig. 7. In general, the specific surface area, the crys-
talline phases and the crystallinity degree of the photocata-
lyst were believed to be the most important factors controlling
its photocatalytic activity [39]. In principle, the large specific
surface area of the catalyst implies high adsorption capacity.
Ohtani et al. [40] observed that the photocatalytic activity was
proportional to the reactant concentration on the catalyst sur-
face. Furthermore, a large amount research results proved that
Langmuir—Hinshelwood model were applicable to explain the
kinetics of aqueous pollutant photo-degradation catalyzed by
TiO; catalyst, demonstrating the dependence of the photocat-
alytic activity on the surface adsorption. For the influence of
TiO; catalyst crystallinity, Sreethawong et al. [41] concluded

0.01
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‘ T T
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Calcination temperature (°C)

Fig. 7. The dependence of apparent rate constants of the catalysts on the calci-
nation temperature: (ll) TiO, and (OJ) sulfated TiO».

that high crystallinity of TiO; catalystled to a low surface defects
and effectively inhibited the recombination of electron-hole,
which led to a higher catalytic activity. In addition, the photo-
catalytic activities also varied with different crystalline phases
of TiO,. Typically, anatase TiO, exhibited markedly higher
catalytic activity compared to amorphous or rutile TiO, [23].
Recently, enhanced photocatalytic activity TiO, with mixed
anatase and rutile phases were reported, which was attributed
to the synergistic effect between anatase and rutile [42—44].

For Cr(VI) photo-reduction by TiO;, catalysts, TiO-400
showed higher crystallinity and lower adsorption capacity com-
pared to TiO,-300. Therefore, the enhanced photocatalytic activ-
ity of TiO,-400 is ascribed to the increased content of anatase
compared with that of TiO2-300. Although calcination of TiO»
at 500°C led to an increased content of crystalline phases
and the presence of the mixed anatase and rutile phases, the
marked decrease of the adsorption capacity of TiO»-500 for
Cr(VI) resulted in the decrease of the photocatalytic activity.
Further increasing the calcination temperature led to the con-
tinuous decrease of Cr(VI) adsorption capacity and the phase
transformation from anatase to rutile, which accounted for the
continuously decreased catalytic activities of these TiO, cata-
lysts.

As for SO42_/Ti02 catalysts, increasing calcination tem-
perature led to slightly decreased Cr(VI) adsorption capacities
and increased anatase contents at calcination temperature lower
than 600 °C. This indicated that the enhanced catalytic activ-
ity of SO427/Ti05,-500 is resulted from increased crystallinity.
Further increasing calcination temperature led to a marked
decrease in the adsorption capacities of SO4%~/TiO, samples
and increased anatase contents. Considering that marked des-
orption/decomposition of surface SO42~ was observed at cal-
cination temperature higher than 550 °C (see Fig. 3), the lower
catalytic activity of TiO,-700 were tentatively ascribed to the
markedly lower Cr(VI) adsorption amount and the desorption
of surface SO42~.

In comparison with TiO,-400, the catalytic activities of sul-
fated TiO, catalysts with calcination temperature lower than
600°C were slightly low although these SO4>/TiO, cata-
lysts showed higher Cr(VI) adsorption capacities. Note that the
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crystalline degrees of these SO427/TiO; catalysts were lower
compared to that of TiO,-400, which suggests that the sulfation
of TiO; hinders the crystallization of TiO; during the calcination
process and simultaneously reduces their catalytic activities to
some degree.

3.4. Role of surface SO/~

It was generally accepted that the sulfation of TiO; hindered
the growth of TiO; crystallites and the transformation of the
crystalline phases [12,15]. A large amount of characterization
results also demonstrated that both Brgnsted and Lewis acid sites
presented on the surface of sulfated TiO», indicating that the
presence of S042~ on the surface of TiO, increased the surface
acidity of TiO; [45]. However, the straightforward evidences
about the influence of the surface acidity on the catalytic activity
of sulfated TiO, were scarce.

In principle, it is difficult to obtain the straightforward infor-
mation about the roles of surface SO42~ by direct comparison
of the TO, catalysts with their sulfated counterparts as the sul-
fation of TiO» also led to the changes in the structural properties
of TiO,. In order to clearly elucidate the influence of surface
acidity on the photocatalytic activities of the SO4>~/TiO sam-
ples for Cr(VI) reduction, SO04%/Ti0,-500 was washed with
Na,COj3 solution to remove the surface SO4%~ species. Canton
et al. [46] studied sulfated zirconia and quantitatively deter-
mined the content of SO42~ in sulfated zirconia samples by
washing sulfated zirconia samples with an alkaline solution,
which indicates that the SO4%~ species on the metal oxides can
be removed by the treatment using alkaline solution. XRD and
UV-DRS results showed that the washing treatment did not lead
to a change in the crystalline phase and textural properties com-
pared with S0427/Ti0,-500. However, marked changes in the
adsorption behavior, surface acidity and photocatalytic activity
were observed.

After surface treatment, the residual amount of surface SO42_
was determined using TG analysis and the results were described
in Fig. 8. For S0427/Ti0,-500, the surface SO42~ loss com-
menced at 500 °C. However, the surface SO4%~ decomposition
for SO42~/Ti0,2-500-W was observed at the calcination tem-
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Fig. 9. Adsorption isotherms of Cr(VI) on (A) S0427/Ti0,-500 and ©)
S04%~/Ti0,-500-W. Solid lines are theoretical fitting curves using Langmuir
adsorption model.

perature higher than 680 °C. In addition, the amount of SO4>~
loss in SO42~/Ti0,-500-W was found to be approximately 1%,
which is markedly lower compared to S04%7/Ti0,-500 (about
4.2%). This pointed out that the surface treatment effectively
removed SO4>~ of SO4%~/Ti0,-500.

The adsorption isotherms of Cr(VI) on S0427/Ti0,-500-
W and SO42~/Ti05-500 are compared in Fig. 9. Simulation
using the Langmuir adsorption model showed that the maxi-
mum adsorption amount of Cr(VI) on S04~ /Ti0,-500-W was
5.51 mg/g, which was markedly higher than that of SO4%~/TiO»-
500 (3.93 mg/g, see Table 2). This indicated that the surface
treatment of SO42~/Ti0;-500 using alkaline solution markedly
increased the adsorption capacity of the sulfated TiO;. Typi-
cally, S042~ in the sulfated TiO5 samples was anchored on the
surface of TiO, to generate a complex with a bidentate sulfate
ion structure via the surface hydroxyl groups of TiO, [10]. The
treatment of SO42~/Ti0,-500 with alkaline solution led to the
release of the surface hydroxyl groups of TiO», which eventually
elevated the adsorption capacity of SO4%~/TiO,-500-W.

IR spectroscopy of pyridine adsorption and NH3-TPD were
used to characterize the change of the surface acidity before
and after the washing treatment and the results are depicted in
Figs. 10 and 11, respectively. For pyridine adsorption, IR bands
at 1639, 1489, 1542, 1606, 1489 and 1445 cm™~! were observed
in IR region 1700-1400cm™! after pyridine adsorption onto
S0427/Ti0;-500 at room temperature. Among these IR bands,
IR bands at 1542 and 1445 cm ™! are characteristic of pyridinium
ions (pyridine interacting with Brgnsted acid sites) and coordi-
natively bound pyridine (pyridine interacting with Lewis acid
sites), respectively [47,48]. The intensities of these IR bands
decreased upon degassing at 150 °C for 1h. In particular, IR
band at 1542cm™~! still remained, indicating the presence of
Bronsted acid sites in SO42~/Ti0,-500. However, only IR bands
at 1489, 1606, 1489 and 1445 cm™! were observed after pyri-
dine adsorption on S0427/Ti0,-500-W, indicating the absence
of Brgnsted acid sites in SO42~/TiO5-500-W. Note that the
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Fig. 10. IR spectra of pyridine adsorption on (a) SO42~/Ti0,-500 at room
temperature, (b) S0427/Ti0,-500 after degassing (a) at 150°C for 1h, (c)
S0427/Ti0,-500-W at room temperature and (d) SO4>~/TiO,-500-W after
degassing (c) at 150 °C for 1 h. All spectra were recorded at room temperature.

surface Brgnsted acid sites were resulted from the sulfation of
TiO,. Therefore, the results also clearly pointed out that the
treatment of SO42~/Ti05-500 using NayCOj3 solution removes
the surface Brgnsted acid sites as well as the surface SO4%~.

NH3-TPD results also supported above conclusions. For
S0427/Ti0,-500 and SO4%~/Ti0>-500-W, NHj3 desorption
peaks were detected between 200 and 450 °C, which indicates
that weak and medium strong acid sites appear on the surface of
these catalysts [16]. Integration results revealed that the area of
NHj3 desorption peak from SO42~/Ti0,-500 was approximately
2 times as large as that from SO,4%~/Ti0,-500-W, which clearly
indicates that the treatment of SO42~/Ti05-500 using Nay,CO3
solution decreases the surface acidity of the sulfated TiO,.

The photocatalytic activities of S0427/Ti0,-500-W and
S04%~/Ti0,-500 are compared in Fig. 12. It was found that
UV irradiation for 180 min led to approximately 60% and 80%
of Cr(VI) removal in the presence of S0427/Ti0,-500-W and
S0427/Ti0;,-500, respectively, which reveals that the partial
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Fig. 11. NH3-TPD profiles of (a) SO42~/Ti0,-500 and (b) SO4%~ /TiO;-500-W.
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Fig. 12. Cr(VI) photo-reduction catalyzed by (A) S04%/Ti0,-500 and ()
S0427/Ti03-500-W. The pH value of solution was 2.5, initial concentration of
Cr(VI) ion was 40 mg/1, dosage of catalyst was 1 g/1.

removal of surface sulfate species markedly diminishes the cat-
alytic efficiency of SO42~/Ti0;-500.

As for the influence of surface acidity on the catalytic activ-
ity of sulfated TiO,, Gomez et al. [10] attributed the increased
catalytic activity of sulfated TiO, for the photo-decomposition
of 2,4-dinitroaniline to the effective trap of the excited elec-
trons by the surface sulfate ions. For Cr(VI) photo-reduction, the
apparent rate constants of S042/Ti0,-500 and SO42~/TiO5-
500-W were found to be 0.0079 and 0.0046 min~!, respectively,
which indicates that the removal of the surface acidity markedly
diminishes the catalytic efficiency. The higher catalytic activ-
ity of SO427/Ti0,-500 compared to SO42~/Ti0,-500-W also
suggests that the trap of the excited electrons by the surface
sulfate ions probably does not occur in our reaction system as
the high catalytic efficiency for Cr(VI) photo-reduction is due
to the effective utilization of the excited electrons. Note that
the Cr(VI) reduction shifts to anode value with the decrease of
pH value [49]. In parallel, Ku and Jung [33] also observed that
the efficiency of Cr(VI) photo-reduction was markedly higher
at lower pH. Zheng et al. [20] studied the photo-reduction of
Cr(VI) catalyzed by K, TisOg and contributed the enhanced cat-
alytic efficiency of H*-K,TisOg to its increased surface acidity
compared with K> TigOg. Therefore, it could be concluded that
the surface acid sites of the sulfated TiO, samples are involved
in the Cr(VI) photo-reduction process and the acid environment
of the catalyst surface may markedly facilitate the Cr(VI) photo-
reduction.

4. Conclusions

The catalytic activities of the TiO, and S04%7/TiO, catalysts
for Cr(VI) photo-reduction are dependent on their adsorption
and textural properties. Increasing the calcination temperature
leads to the growth of crystallites, decrease of the adsorption
capacities and change of the crystalline contents of the cata-
lysts. For the TiO, catalysts, the increase of anatase content
enhances the catalytic efficiency for Cr(VI) photo-reduction. In



102 F. Jiang et al. / Journal of Hazardous Materials B134 (2006) 94-103

comparison with TiO, catalysts, the presence of SO42~ on the
surface of TiO, substantially preserves the adsorption capaci-
ties of the sulfated TiO; catalysts during the calcination process.
However, sulfation of TiO; leads to a lower crystallinity degree,
which eventually results in a slightly lower catalytic activity
of SO427/TiO; catalysts compared to TiO, catalysts under cal-
cination temperature lower than 400 °C. The higher catalytic
activities of sulfated TiO; catalysts than TiO; catalysts can be
only achieved at calcination temperature above 500 °C. In addi-
tion, the presence of the surface acid sites on the sulfated TiO»
catalysts provides an acid environment over the catalyst surface
and thus favors the photo-reduction of Cr(VI). Based on our
research results, effectively increasing the content of anatase in
the sulfated TiO; catalysts using other synthesis method can be
expected to further enhance their catalytic activities for Cr(VI)
photo-reduction.
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