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Abstract

Unmodified and sulphate-modified TiO2 samples of different crystal forms and crystal sizes were prepared at different
pH, varying the source and concentration of sulphate ion and by activating at different temperatures. The samples were
characterised by XRD, FT-IR, TEM and nitrogen adsorption–desorption methods. The TEM and XRD patterns revealed
that TiO2 sample prepared at lower pH (pH 3) exhibit smaller crystallite size than that of higher pH (pH 9). Sulphate ion
impregnation also decreases the crystallite size and stabilises the anatase phase of TiO2 at higher activation temperatures.
FT-IR results show that sulphate species strongly bound bidentately on TiO2 surface. Surface area is more in case of sample
prepared at lower pH than that of higher pH and also found to increase with the increase in sulphate loading up to 7.5 wt.%
and thereafter decreases drastically. The photocatalytic activities of the catalysts were compared by performing degradation
of 4-nitrophenol as a probe reaction. Photocatalytic degradation of 4-nitrophenol depends on surface area, the crystal form
and particle size of TiO2. Samples containing mixture of anatase and rutile phases exhibit highest activity for degradation of
4-nitrophenol than that of other samples.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrophenols are some of the most refractory pol-
lutants, which can be present in industrial wastewater.
In particular, 4-nitrophenol and its derivatives result
from the production processes of pesticides, herbi-
cides [1] and synthetic dyes[2]. These pollutants
have high toxicity and carcinogenic character. They
have caused considerably damage to the ecosystem
and human health. Traditional wastewater treat-
ment includes activated carbon adsorption, chemical
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oxidation, biological digestion, etc. However, there are
some limitations in each technique. The feasibility of
wastewaters containing 4-nitrophenol being subjected
to an ozonisation process was investigated by Beltran
et al. [3], whereas Pintar and Levec[4] studied cat-
alytic oxidation in a temperature range of 423–463 K.
The photocatalytic abatement of 4-nitrophenol in TiO2
aqueous slurries have been investigated[1,5–12]. The
possibility of sensitised photocatalytic degradation
at pH 8.5 was demonstrated in[1] and the effects
of catalyst load and of oxygen and organic con-
centration was mainly focused in[5], disregarding
pH. Whereas earlier[9,10] and recent[6–8] litera-
ture reported the reaction mechanism and the kinetic
models.
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The pore structure, pore size, particle size and acti-
vation temperature of TiO2 affects the photocatalytic
activity of organic pollutants in wastewater[13–17].
The surface and textural properties of TiO2 depend
greatly on the method of preparation and activation
temperature. Our earlier studies[18–20]revealed that
the method of preparation, source and concentration
of anions affected the surface, textural as well as cat-
alytic activities of TiO2 towards acid-catalysed reac-
tions. A few reports are available on SO4

2−/TiO2 for
photocatalytic degradation of CH3Br [21], NO2

− [22]
and textile wastewater[23].

In order to understand the effect of anions on the
crystallite size of TiO2, we have prepared hydrated
TiO2 at different pH and modified this by varying
the source and concentration of anions using differ-
ent techniques. The unmodified and modified TiO2
samples are activated at different temperatures and
their activities toward photochemical degradation of
4-nitrophenol are studied.

2. Experimental

2.1. Materials and methods

Hydrated titania was prepared at pH 3, 5, 7 and
9 by adding aqueous ammonia to the stirred aque-
ous solution of titanium tetrachloride. Obtained gel
was filtered and washed repeatedly to remove Cl−
(negative AgNO3 test), dried at 383 K for 10 h, pow-
dered to 45–75�m mess size and kept for anion
impregnation.

2.2. Modified catalysts

One series of sulphated titania samples with vary-
ing the weight percentage of SO4

2− were prepared
using (NH4)2SO4 as the source of sulphate ions by
solid–solid kneading method and the other series of
samples were prepared by aqueous wetness impregna-
tion method using dilute H2SO4 (strength= 1.0 M).
The suspended mass was evaporated to dryness on a
hot plate while stirring. The samples were then dried
in an air oven at 383 K and subsequent activation (by
calcination) at 573, 673, 773, 873, 973 and 1073 K at
the heating rate of 283 K/min in a muffle furnace for
3 h.

3. Characterisation

3.1. Powder X-ray diffraction

The XRD patterns of pure and modified TiO2 sam-
ples were recorded on a Philips X-ray diffractometer
having a PW 1830 generator with copper tube, a PW
1820 goniometer fitted with a post-diffracted graphite
monochromator and a scintillation detector attached
to a PW 1710 diffraction control in the range of 2θ =
6–80◦ at a scanning speed of 2◦/min. The instrument
was operated at 40 kV and 20 mA. The average crys-
tallite size (L) was determined by XRD line broaden-
ing technique using the Debye–Scherrer equation:

L = 0.94λ

b cosθ
(1)

whereλ is the wavelength of the X-ray used andb the
relative peak broadening, calculated asb2 = b2

exp −
b2

ref, wherebexp and bref are half-widths at maxima
observed on a given sample and on a reference material
which is ideally crystalline, respectively.

3.2. FT-IR study

The FT-IR spectra of pure and modified TiO2
samples were recorded with a Perkin-Elmer (model:
Paragon 500) FT-IR spectrometer in the range of
4000–400 cm−1 on palletised with KBr phase (spec-
trophotometric grade). All the samples were degassed
at 383 K in vacuum (1× 10−4 Torr) before analysis.
However, after evacuation in vacuum at 383 K, the
samples only retained the ligated water.

3.3. Transmission electron microscope

The morphologies of the samples were examined
using a Hitachi H-600 transmission electron micro-
scope (TEM).

3.4. Textural properties

Surface area (BET), average pore radius and
pore size distributions were determined by the N2
adsorption–desorption method at liquid nitrogen tem-
perature using quantasorb (Quantachrome, USA).
Prior to adsorption–desorption measurements, the
samples were degassed at 393 K and 10−4 Torr for 5 h.
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3.5. Catalytic activity

The photocatalytic degradation of 4-nitrophenol
was performed taking 0.05 g/l of substrate (4-nitrophe-
nol in water, CDH) and 0.2 g/l of catalyst. The pH of
the dispersion was adjusted by addition of sulphuric
acid (BDH). The solutions were exposed to sunlight
in closed Pyrex flasks at room temperature (no extra
cooling) with constant stirring. All the irradiation
was performed during the second half of March 2002
(sunny days), from 11:00 to 14:00 h and was repeated
three times. The corresponding dark controls were
carried out simultaneously, for comparison. After ir-
radiation taking at different times, the suspension was
filtered and 4-nitrophenol was analysed quantitatively
by measuring the absorption at 315 nm using Cary-1E
(Varian) spectrophotometer. The detail method for
measurement was available in[5].

4. Results and discussion

Transmission electron microscope images of the
unmodified and sulphate-modified TiO2 samples are
shown in Fig. 1a–d. It is observed that TiO2 sam-
ple prepared at pH 3 (Fig. 1a) possesses uniform,
finely distributed TiO2 particles of size∼12 nm.
However, the particles of the samples prepared at pH
9 are clamped to each other forming agglomerates
and lies around∼20 nm (Fig. 1b). The particle size
sharply decreases to 2–3 nm (Fig. 1c and d) in the
sulphate-modified sample.

The powder X-ray diffraction patterns of TiO2 pre-
pared at different pH and activated at 773 K are shown

Table 1
Average crystallite size of unmodified and modified TiO2 samples activated at different temperatures

Sample code Crystallite size (nm) Sample code Crystallite size (nm)

TiO2, pH 3, 773 K 13.2 TiO2, pH 3, 383 K 8.7
TiO2, pH 5, 773 K 14.5 TiO2, pH 3, 573 K 9.5
TiO2, pH 7, 773 K 16.1 TiO2, pH 3, 673 K 14.8
TiO2, pH 9, 773 K 17.2 TiO2, pH 3, 873 K 0.0
2.5SO4

2−/TiO2, pH 3, 773 K 5.2 2.5SO42−/TiO2(H), pH 3, 573 K 3.1
5.0SO4

2−/TiO2, pH 3, 773 K 4.7 2.5SO42−/TiO2(H), pH 3, 673 K 3.4
7.5SO4

2−/TiO2, pH 3, 773 K 4.3 2.5SO42−/TiO2(H), pH 3, 773 K 3.5
7.5SO4

2−/TiO2(H), pH 3, 773 K 3.5 2.5SO42−/TiO2(H), pH 3, 873 K 3.8
10SO4

2−/TiO2, pH 3, 773 K 4.2 2.5SO42−/TiO2(H), pH 3, 973 K 2.7

Note: (H) indicates the sample prepared from H2SO4.

in Fig. 2. It can be seen that samples prepared at pH 3
possess mixture of anatase and rutile phases whereas
at pH 5, 7 and 9 possess only anatase phase. From the
XRD pattern (Fig. 3), it has been found that unmod-
ified TiO2 sample prepared at pH 3 and activated up
to 673 K possess only anatase phase. With increasing
the activation temperature up to 773 K both anatase
and rutile phases are found (Fig. 2a). Whereas sam-
ple activated at 873 K possess only rutile phase. How-
ever, TiO2 samples prepared at pH 3, modified with
sulphate ion and activated up to 873 K possesses only
anatase phase (Fig. 4). With increasing the activation
temperature up to 973 K both anatase and rutile phases
are found. But in the sample activated at 1073 K only
rutile phase is observed. So, it may be concluded that
sulphate ion stabilises the anatase phase of TiO2 up to
973 K activation temperature. It is also observed that
(Fig. 5) sulphate-modified TiO2 samples activated at
773 K possess anatase phase, irrespective of the source
and percentage of sulphate loading. There is no indica-
tion of formation of titanium sulphate in any one of the
samples; even in 10 wt.% SO4

2− impregnation. This
type of observation was also reported earlier[18–20]
in TiO2 samples prepared at pH 7 and modified with
phosphate and sulphate ions.

To develop a better understanding of formation and
crystallisation in the presence of sulphate ion, the av-
erage crystallite size (L) perpendicular to the (2 1 0)
plane was calculated from the XRD patterns of pure
and sulphated titania. It is seen (Table 1) that the crys-
tallite size of titania sample prepared at pH 3 is lesser
than the sample prepared at pH 9. It gradually in-
creases with increasing the pH of the solution, which
suppresses the growth of the particle, may be due
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Fig. 1. TEM photographs of: (a) TiO2, pH 3, 773 K; (b) TiO2, pH 9, 773 K; (c) 2.5SO42−/TiO2, pH 3, 773 K; (d) 2.5SO42−/TiO2, pH 3,
973 K.
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Fig. 2. Powder XRD patterns of TiO2 samples prepared at: (a) pH 3; (b) pH 5; (c) pH 7; (d) pH 9, activated at 773 K.

Fig. 3. Powder XRD patterns of TiO2 sample prepared at pH 3, activated at: (a) 383 K; (b) 573 K; (c) 673 K; (d) 873 K.



Fig. 4. Powder XRD patterns of 2.5SO4
2−/TiO2 sample prepared at pH 3, activated at: (a) 873 K; (b) 973 K; (c) 1073 K.

Fig. 5. Powder XRD patterns of: (a) 2.5SO4
2−/TiO2(H); (b) 5.0SO4

2−/TiO2(H); (c) 7.5SO4
2−/TiO2(H); (d) 7.5SO4

2−/TiO2; (e)
10.0SO4

2−/TiO2(H), activated at 773 K.
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to rapid hydrolysis (spontaneous nucleation)[24,25].
It is observed that the crystallite size of titania de-
creases with 2.5 wt.% SO42− loading and thereafter
it remained almost unchanged. However, the effect is
more pronounced with sulphuric acid as the source
of sulphate compared to (NH4)2SO4. This indicates
that the crystallinity is more or less dependent on the
presence of sulphate ion, but not on the source and
percentage of sulphate loading. In addition to stabilis-
ing anatase TiO2 crystallites, sulphate surface species
inhibit TiO2 crystallite sintering, leading to smaller
crystallites than in pure TiO2. The crystallite size de-
creases in the presence of sulphate ions as SO4

2−
species could possibly interact with TiO2 network, and
thus hinder the growth of the particle. Even a very
small amount of SO42− species is responsible for this
effect. Therefore, the change in sulphate concentra-
tion did not change crystallite size further. Therefore,
it is assumed that small amount of sulphate species

Fig. 6. FT-IR spectra of: (a) TiO2; (b) 2.5SO4
2−/TiO2; (c) 7.5SO4

2−/TiO2; (d) 7.5SO4
2−/TiO2(H), activated at 773 K.

is responsible for the lowering of crystallite size. It
is also observed that crystallite size of unmodified
TiO2 increases with increase in activation temperature
from 383 to 673 K and thereafter it decreases. The in-
crease in crystallite size may be due to desorption of
surface hydroxyl group from the TiO2 network and
the decrease is perhaps due to the formation of rutile
phase. However, crystallite size remains almost con-
stant up to 873 K and thereafter decreases in case of
sulphate-modified TiO2. This suggests that sulphate
species strongly interacting with TiO2 crystallites in-
hibits sintering even at higher activation temperatures.
This type of effect is also observed in PO4

3−-modified
FeO(OH) [26], WO3-modified ZrO2 [27] and TiO2
[28].

FT-IR spectra of sulphated metal oxides gener-
ally show a strong absorption band at 1381 cm−1,
and broad bands at 1250–1100 cm−1 (Fig. 6). The
1381 cm−1 peak is the stretching frequency of S=O,
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and the 1250–1100 cm−1 peaks are the character-
istic frequencies of SO42−. The broad bands at
1250–1100 cm−1 resulted from the lowering of the
symmetry in the free SO42− (Td point group). When
SO4

2− is bound to the titania surface, the symme-
try can be lowered to either C3V or C2V [29]. Here,
the band that split into three peaks (1221, 1119 and
1026 cm−1) was assigned to the bidentately bound
sulphate group (C2V point group). The bands at 1630
and 3430 cm−1 correspond to the bending and stretch-
ing of OH group of water molecules occluded in the
sample, respectively.

It is observed (Table 2) that with an increase in sul-
phate loading increase the surface area up to 7.5 wt.%
(from 64 to 102 m2/g). Further increase in sulphate
loading to 10 wt.% resulted in a decrease in surface
area (95 m2/g). The trend remains the same irrespec-
tive of the source of sulphate ion. Similar trend is also
maintained in case of the pore volume. Therefore, the
presence of low amount of sulphate ion (≤7.5 wt.%)
may be responsible in the formation of porous net-
work. It has been shown[30,31] that, in sulphated
metal oxides, some of the hydroxyl bridges originally
present in dried uncalcined and unsulphated titania re-
placed the sulphate ions. On calcination, the forma-
tion of oxybonds takes place, and results in changes
in the Ti–O–Ti bond strength due to attachment of the
sulphate bridges. Thus, the changes in the Ti–O–Ti
bond strength may be responsible for the formation
of porous network. Consequently, the increase in sur-
face area with an increase in sulphate loading up to
7.5 wt.% appears to be due to the stabilising effect
of the sulphate ions. However, the plugging of more
pores may have occurred with higher sulphate load-
ing resulting in a reduction of total pore volume to
some extent and also decrease in surface area[30].
With increase in activation temperature, the surface
area decreases gradually. This might be due to the
inter-particle agglomeration or due to collapse of very
fine/narrow pores. It is also observed that the surface
area gradually decreases with increase in pH of the
hydrolysis. Sample prepared at pH 3 has higher sur-
face area compared to the sample prepared at pH 9.
This type of observation is also reported earlier[32].

From the preliminary study, no degradation of ni-
trophenol was observed in the absence of light and/or
of catalyst.Fig. 7 represents the effect of pH (ad-
justed by H2SO4) of the solution on the photocatalytic

Fig. 7. Effect of solution pH (by H2SO4) on the percentage of
degradation.

degradation of 4-nitrophenol. It is found that with in-
creasing the pH of the solution up to 2, the percentage
of 4-nitrophenol degradation remains almost constant.
However, after that it decreases gradually with increas-
ing the pH of the solution. Since no nitrobenzene was
detected during the photolysis of 4-nitrophenol at pH
2, it can be concluded that the reductive pathway is
favoured in acidic media. It is known that nitroaro-
matic compounds such as 4-nitrophenol are reduced
in acidic media more easily than in alkaline solutions
[33].

Fig. 8 represents the effect of TiO2 samples pre-
pared at different pH on the photocatalytic degradation

Fig. 8. Effect of preparation condition (pH) of catalyst on the
percentage of degradation.
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Table 2
Specific surface area (BET) of unmodified and modified TiO2 samples activated at different temperatures

Sample code SBET (m2/g) Sample code SBET (m2/g)

TiO2, pH 3, 773 K 64 TiO2, pH 3, 383 K 174
TiO2, pH 5, 773 K 60 TiO2, pH 3, 573 K 150
TiO2, pH 7, 773 K 57 TiO2, pH 3, 673 K 74
TiO2, pH 9, 773 K 46 TiO2, pH 3, 873 K 22
2.5SO4

2−/TiO2, pH 3, 773 K 74 2.5SO42−/TiO2(H), pH 3, 383 K 210
5.0SO4

2−/TiO2, pH 3, 773 K 83 2.5SO42−/TiO2(H), pH 3, 573 K 180
7.5SO4

2−/TiO2, pH 3, 773 K 102 2.5SO42−/TiO2(H), pH 3, 673 K 139
7.5SO4

2−/TiO2(H), pH 3, 773 K 114 2.5SO42−/TiO2(H), pH 3, 873 K 29
10SO4

2−/TiO2, pH 3, 773 K 95 2.5SO42−/TiO2(H), pH 3, 973 K 2

Note: (H) indicates the sample prepared from H2SO4.

of 4-nitrophenol. It is observed that with increas-
ing the pH of the precipitation the percentage of
degradation gradually decreases. This may be due
to higher surface area, lower porosity and crystallite
size, and more number of hydroxyl groups present on
the TiO2 sample prepared at lower pH than that of
higher pH. As reported earlier[5,34,35], the surface
hydroxyl groups bound to titanium atoms constitute
the adsorption active sites. The large amount of hy-
droxyl groups on the surface of titania might have
trap the holes in the valence band and enhance the
chemisorption of dissolved O2 or •OH radical in the
conduction band. The pH variation on the prepa-
ration procedure affects the adsorption capacity of
the gel because it affects the surface area as well as
crystallite size and hence the number of surface hy-
droxyl groups. As reported earlier[36], the mixture
of anatase and rutile phases of TiO2 is more active
than either anatase or rutile crystallites at the same
activation temperature. Here, it is also observed from
the XRD pattern of TiO2 sample prepared at pH 3
and activated at 773 K shows both anatase and rutile
phases. Whereas other samples prepared at pH 5, 7
and 9 exhibits only anatase phase at similar activation
temperature. The presence of mixture of anatase and
rutile phases in sample prepared at pH 3 increases the
surface area may be due to wider range pore size dis-
tribution which is responsible for the increase in cat-
alytic activity by effective adsorption of 4-nitrophenol
[36–38].

Fig. 9 represents the effect of wt.% of sul-
phate in TiO2 on the photocatalytic degradation of
4-nitrophenol. It is observed that with the addition
of 2.5 wt.% of sulphate on TiO2 the percentage of

degradation increases. However, further addition of
higher sulphate content does not affect more to the
percentage of degradation. This may be due to the
addition of small amount of sulphate decreases the
crystallite size of titania, which facilitates higher per-
centage of degradation. The reason may be due to the
so-called particle size quantisation effect. A blue shift
in absorption spectra is usually observed when the
size of semiconductor particles becomes small[39].
However, increasing the wt.% of sulphate on TiO2
does not affect more towards the crystallite size results
almost same percentage of degradation. So, crystal-
lite size is an important factor for degradation of
4-nitrophenol.

The activation temperature of TiO2 influences
the catalyst activity because it affects the physical
properties of the crystal such as porosity, surface

Fig. 9. Effect of wt.% of anions on the percentage of degradation.
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Fig. 10. Effect of activation temperature on the percentage of
degradation.

area, and crystal structure as well as crystal size.
Fig. 10 represents the effect of activation tempera-
ture of unmodified and sulphate-modified TiO2 on
the photocatalytic degradation of 4-nitrophenol. It is
observed that the percentage of degradation gradu-
ally increases with increase in activation temperature
up to 773 K and thereafter decreases for unmodified
TiO2. But the percentage of degradation increases
with increase in activation temperature up to 973 K
and thereafter decreases for sulphate-modified TiO2.
The percentage of degradation of 4-nitrophenol in
case of sulphate-modified TiO2 is higher than that of
unmodified TiO2 at all activation temperatures. The
percentage of degradation is highest at 773 K acti-
vation for TiO2 sample whereas 973 K for sulphated
TiO2 samples. This is due to the presence of mixture
of anatase and rutile phases of TiO2. The decrease in
photocatalytic activity at higher activation temperature
is perhaps due to loss of porous structure of nanopar-
ticles, formation of denser particles due to sintering
as well as transformation into rutile from anatase
phase.

The present results can be directly compared with
the data published earlier[5,6,11]. While optimis-
ing the reaction conditions, we found that 0.05 g/l of
4-nitrophenol can be completely degraded by using
0.6 g/l of sulphate-modified TiO2 catalyst in 3 h under
solar radiation. These results found better than those
reported earlier with respect to the concentration of
nitrophenol, amount of catalyst and time using UV ra-
diation.

5. Conclusions

1. Modification of the hydrated titania with anions
like sulphate can alter the specific surface area,
crystallinity and transforms the bulk oxides to
nanomaterials.

2. Methods of preparation and activation temperatures
greatly affect the textural properties.

3. Photocatalytic degradation of 4-nitrophenol de-
pends on surface area, phase and crystallite size of
titania.

4. Complete decomposition of 4-nitrophenol (0.05 g/l)
takes place using 0.6 g/l sulphated TiO2 in 3 h.

5. Sulphated TiO2 can be effectively used for degra-
dation of 4-nitrophenol under solar radiation.
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