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An attempt has been made to review and study the effect of anions (phosphate, sulfate and
fluoride) on titania-silica samples. A comparative study has been made on structural
characteristics and physico-chemical properties between the unmodified and anion
modified titania-silica mixed oxides. The stabilisations of phase, porosity and sulphate ion
at higher activation temperatures are discussed. The increase and decrease of specific
surface area, acid strength and surface acid sites with respect to anions are emphasised.
The effect of preparation method and conditions with specific surface area, porosity and
surface acid sites are also discussed. The generation of new catalytic active sites and effect
of porosity are reported towards esterification of acetic acid and mono-nitration of toluene,
respectively. C© 2004 Kluwer Academic Publishers

1. Introduction
Now a days-chemical industry is facing challenges to
reduce the use of environmentally hazardous chemicals.
Central to this problem, search for a better methodology
for chemical industries, has been of great interest to the
scientist throughout the world. Replacement of liquid
acids by solid acids is now considered as an essential
element to design a cleaner process for better protection
of the environment. It is reported that many kinds of
binary mixed oxide systems possess higher surface acid
site than single oxide [1]. Titania-silica has recently
attracted much attention as its acid strength is greater
than that of alumino-silicates and gives excellent result
for a number of acid catalyzed reactions [2–7]. Though
the actual mechanism of generation of acid sites has not
yet been properly understood still, Tanabe et al. [8] have
suggested that Brönsted sites are generated on silica
riched mixed oxides, whereas according to Kung et al.
[9] Lewis sites predominates on titania incorporated
silica samples.

Modification of the single oxides with different an-
ions like SO2−

4 , PO3−
4 , WO2−

4 , F− etc. have been
found to enhance the acidity and certain other physico-
chemical properties of the catalyst like thermal stability,
mesoporosity etc. [10–13]. However, the textural prop-
erties of these anion modified metal oxides are very
poor, e.g., low surface areas and wide pore distribu-
tions. Since certain chemical processes require much
stronger acid sites, it is desired to incorporate more
and stronger acid sites by modifying the binary mixed
oxides with anions. Very few numbers of paper have
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published on anion modified titania-silica mixed oxides
[14–21]. Acid strength of sulfated titania-silica with re-
spect to concentration of titania is reported [14, 15].
Lewis and Bronsted acidic sites were developed in an-
ion modified titania-silica mixed oxides [16, 18–21]
whereas the strength of the acid sites strongly depend
on the method of impregnation [17].

In the present paper we have reviewed and studied
the surface and textural properties of anion modified
titania-silica mixed oxides and their correlation with
the catalytic activity for alcohol conversion, cumene
cracking/dehydrogenation, nitration of toluene and es-
terification of acetic acid.

2. Results and discussion
2.1. TG-DTA
The TG curves (Fig. 1a) of the unmodified and phos-
phate modified TiO2-SiO2 gels show a notable weight
loss of 50% on heating TiO2-SiO2 mixed oxide up
to 1423 K. A simple mass balance shows that the
loss of weight corresponds to the quantity of reactants
(water, isopropyl, butyl radicals) involved in the syn-
thesis of TiO2-SiO2 gels. There is no additional weight
loss in phosphate-modified TiO2-SiO2 mixed oxide up
to 1423 K, indicating no loss of phosphate up to that
temperature. There are three main domains, which can
be distinguished from the DTA profiles (Fig. 1b):

• Between 293 and 523 K, a broad endothermic peak
appeared, due to the loss of physisorbed water and
the alcohols trapped in the porous texture.
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Figure 1a Thermogravimetry analysis of (a) unmodified and (b) phosphate modified TiO2-SiO2 samples.

Figure 1b Differential thermal analysis of (a) unmodified and (b) phosphate modified TiO2-SiO2 samples.

• Between 573 and 723 K, a broad exothermic
peak due to the combustion of remaining alkoxy
group resulting from the incomplete hydroly-
sis/polycondensation reaction bound to titanium
and silicon. The trapped alcohols with the porous
texture may also contribute to this exothermic peak.
After thermal treatment at 623 K, the sample be-
came dark brown.

• Between 723 and 873 K, the second broad exother-
mic peak is probably due to a harder oxidation of
the carboned residues coming from the combustion
[22, 23]. Its intensity is lower than that of the first
one.

An exothermic peak observed prominently in the region
near (1200–1350 K) for phosphate-modified TiO2-SiO2
and, to a lower extent, the one for unmodified TiO2-
SiO2 without any corresponding weight loss are very
likely due to solid-state transformations (anatase to ru-
tile phase). Its position at so high a temperature that
agrees with the inhibiting effect of phosphate species
on the transformation of anatase to rutile already re-
ported [24].

Whereas, the sample containing sulfate (Fig. 2b, b)
shows a weak sharp exothermic peak at 723 K at-
tributed to the decomposition of sulfate group. But at
this temperature no peak is observed in case of fluoride-
modified SO2−

4 /TiO2-SiO2. There is a weak broad peak
observed (Fig. 2b, c) in fluoride modified SO2−

4 /TiO2-
SiO2 at 873 K. No other peak is observed after this tem-
perature. So the sulfate group may start to decompose
after 873 K in the case of fluoride-modified SO2−

4 /TiO2-
SiO2.

2.2. FT-IR
The FT-IR absorption spectra of the unmodified and
phosphate modified TiO2-SiO2 activated at 773 K
(Fig. 3) shows the band at 935 cm−1 is attributed to
the Ti O Si bond and the bands at 400–600, 800 and
1064 cm−1 are related to the Ti O Ti bond and the
Si O Si bond, respectively. The bands at 800 and
1064 cm−1 are attributed to the symmetric and asym-
metric stretching vibrations of the Si O Si groups, re-
spectively [18]. It is also found that the Ti O Si band
intensity varies with varying the method of preparation.
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Figure 2a Thermogravimetry analysis of (a) TiO2-SiO2, (b) 4S/TiO2-SiO2(H) and (c) 2F/4S/TiO2-SiO2(H) samples.

Figure 2b Differential thermal analysis of (a) TiO2-SiO2, (b) 4S/TiO2-SiO2(H), and (c) 2F/4S/TiO2-SiO2(H) samples.

Figure 3 FT-IR spectra of (a) TiO2-SiO2, (b) 7.5P/TiO2-SiO2(H), (c) 7.5P/TiO2-SiO2, and (d) 7.5P/TiO2-SiO2(H∗) samples activated at 723 K.
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Figure 4 Resolved FT-IR spectra of 7.5P/TiO2-SiO2(H) samples activated at (a) 1023 and (b) 1173 K, respectively.

The Ti O Si band is more intense in the case of the
sample prepared at pH 3 compared to the sample pre-
pared at pH 7.

This band intensity also varies with the source of
phosphate ion. The intensity of this band is more in
case of phosphated TiO2-SiO2 (7.5 wt% PO3−

4 ) mixed
oxide, when H3PO4 as the source of phosphate ion,
than (NH4)3PO4. At higher activation temperatures
(1023 and 1173 K), it is also observed (Fig. 4) that
the Ti O Si band intensity decreases with increasing
Ti O Ti and Si O Si bands. This is due to a reorder-
ing of the solid, which takes place by the breakage
of the Ti O Si bond and formation of Ti O Ti as
well as Si O Si bonds. This phenomenon has already
been studied by Gunji et al. [25]. The resolved form of
FT-IR spectra of phosphated TiO2-SiO2 mixed oxide
shows (Fig. 4) a strong sharp absorption band at 1300–
1400 cm−1 and broad bands at 1100–1250 cm−1. The
1300–1400 cm−1 peak is the stretching frequency of
P O bond, whose order is close to two (P O, phos-
phoryl groups), and the 1100–1250 cm−1 peaks are the
characteristic frequencies of PO3−

4 . The broad band at
1100–1250 cm−1 resulted from the lowering of the sym-
metry in the free PO3−

4 (Td point group). When PO3−
4 is

bound to the TiO2-SiO2 surface, the symmetry can be
lowered to either C3V or C2V [26]. Here, the band that
split into three peaks (1162, 1193 and 1230 cm−1) was
assigned to the bidentately bound phosphate ion (C2V
point group). These three bands somewhat shifted to
lower wave number (Fig. 4b) when the sample is ac-
tivated at 1173 K (1130, 1162 and 1230 cm−1). This
agrees with the position of such a fundamental band,
as has been directly observed in the case of phosphated
zirconia [27] and alumina [28].

The band at 1637 cm−1 attributed to the Si-H2O ab-
sorption is seen on all the spectra of unmodified and
phosphate-modified TiO2-SiO2 mixed oxide samples.
The FT-IR spectra of the modified samples show sharp
bands in the region 3800–3600 cm−1 which could be

assigned to ν(OH) of free surface hydroxyl groups. A
very sharp and perfectly symmetric band at 3766 cm−1

is seen if activation is carried out at 1173 K. At 1023 K,
the spectrum shows shoulders at 3766 cm−1 (weak)
and 3820 cm−1 (intense). The low frequency absorp-
tion at 3435 cm−1 is due to ν(OH) of internal weakly
H-bonded hydroxyl groups [20, 29], while the higher
frequency one at 3820 cm−1 has been assigned to the
ν + γ combination of free hydroxyl groups [20, 30].
The intensity of all types of bands for OH groups seems
to decrease with anion impregnation as well as on ac-
tivation at higher temperature. Thus the substitution of
TiO2-SiO2 hydroxyl groups with phosphate ion impreg-
nation process is evident, as occurs on γ -Al2O3 [31]
where less acidic hydroxyls groups are first removed,
while hydroxyls of strong acidity are created.

Similarly, the FT-IR spectras of SO2−
4 , F−/SO2−

4
modified and unmodified TiO2-SiO2 samples are shown
in Fig. 5. A band is also observed at 1393 cm−1, which
is attributed to S O vibration of the free sulfate groups.
At 723 K, the intensity of this band is very weak (almost
not found in the figure) in the case of sulfate-modified
sample, while a small peak is observed in fluorinated
sulfated TiO2-SiO2 samples. This is perhaps due to sta-
bilisation of sulfate groups on TiO2-SiO2 surface above
723 K. TG-DTA analysis also supports such observa-
tions.

2.3. XRD
The powder X-ray diffraction pattern of unmodified
and phosphate modified TiO2-SiO2 mixed oxide sam-
ples activated at different temperatures are shown in
Fig. 6. It is seen from the XRD patterns that the TiO2-
SiO2 mixed oxide sample activated at 723 K is amor-
phous. TiO2 peaks are not detected in TiO2-SiO2 cat-
alyst though the catalyst contains as high as 50 mol%
of TiO2(TiO2-SiO2). The presence of SiO2 in TiO2-
SiO2 obviously inhibits the growth of TiO2 crystals and
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Figure 5 FT-IR spectra of (a) TiO2-SiO2, (b) 4S/TiO2-SiO2(H), (c) 0.5F/4S/TiO2-SiO2(H), (d) 1F/4S/TiO2-SiO2(H), (e) 2F/4S/TiO2-SiO2(H) and
(f) 10F/4S/TiO2-SiO2(H) samples activated at 723 K.

Figure 6 Powder XRD patterns of (a) TiO2-SiO2, 723 K and 7.5P/TiO2-SiO2(H) sample activated at (b) 723, (c) 923, (d) 1023 and (e) 1173 K,
respectively.

results in amorphous TiO2 [32]. However, PO3−
4 /TiO2-

SiO2 shows a broad peak characteristic of TiO2 anatase
with no evidence of either rutile or silica phases. With
increasing the activation temperature from 723 to 1023
K in the case of phosphate-modified TiO2-SiO2 sam-
ples, the intensity of diffraction lines of anatase form
of TiO2 gradually increases. But at higher activation
temperature (>1173 K), both anatase and rutile forms
can be identified. However, from our earlier publication
[19, 20], unmodified TiO2-SiO2 mixed oxides shows
both anatase and rutile phase of TiO2 if activation is car-
ried out at higher temperature than 1073 K. Such results
show that phosphate could have stabilised the anatase
phase up to 1173 K. TG/DTA analyses support such ob-
servations. This type of effect is also observed in SO2−

4

[33], PO3−
4 [34], and WO3 [35] on TiO2, α-FeOOH

and ZrO2, respectively. This result is further supported
by FT-IR analysis, i.e., that a structural rearrange-

ment of the gel occurs at higher temperatures (above
1023 K), which gives rise to Ti O Ti and Si O Si
bonds.

The X-ray powder diffraction patterns of SO2−
4 ,

F−/SO2−
4 modified and unmodified TiO2-SiO2 samples

calcined at 923, 1073 and 1273 K are shown in Fig. 7.
The TiO2-SiO2 sample is amorphous up to 1073 K and
starts to crystallise after this temperature. It consists
mainly of anatase phase, as revealed from the peaks at
2θ = 26◦. When the sulfation is carried out, the crys-
tallisation starts at lower temperature (923 K) and upon
calcination at 1073 K, both the anatase and rutile al-
lotropic forms of TiO2 can be identified. But, when flu-
orination is carried out over sulfation, only the anatase
phase of TiO2 is shown at the same temperature i.e.,
(1073 K). At higher calcination temperature (1273 K),
the intensity of diffraction lines of anatase is weak in the
case of sulfated sample, compared to the case of both
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Figure 7 Powder XRD patterns of (a) TiO2-SiO2, (b) 4S/TiO2-SiO2(H) and (c) 2F/4S/TiO2-SiO2(H) samples activated at different temperatures.

unmodified TiO2-SiO2 and fluoride-modified sulfated
TiO2-SiO2 mixed oxide.

The modifier H2SO4, when added to the amorphous
TiO2-SiO2 hydrate can locate between the TiO2-SiO2
particles or can be adsorbed on their surface. Upon
calcination at 923 K, due to decomposition of sulfate
group, it may remove TiO2 dispersed on the SiO2 ma-
trix, which would facilitate the crystallisation process.
When both H2SO4 and NH4F are added, the decom-
position of sulfate group starts at higher temperature,
which would stabilise the anatase phase up to 1073 K.

To develop a better understanding on the formation
and crystallisation in the presence of sulfate and fluoride
with sulfate ions, the average crystallite size (L) per-
pendicular to the 101 plane was calculated from XRD
patterns of unmodified as well as modified TiO2-SiO2
(Fig. 8). It shows that crystallite size of TiO2 is more in
the case of sulfate than in the case of the fluoride with
sulfate ion modification at 923 K. The crystallite size
decreases upon higher calcination temperatures (1073
and 1273 K) in both cases, but more in the case of sul-
fate modification. This is due to the formation of rutile
phase in case of sulfate ion modification but fluoride ion
suppress the further crystallisation in case of simulta-
neous modification of fluoride with sulfate ions.

2.4. Surface properties
Table I shows the BET surface area of unmodified and
phosphate modified TiO2-SiO2 mixed oxide samples

Figure 8 Average crystallite size of (a) TiO2-SiO2, (b) 4S/TiO2-
SiO2(H) and (c) 2F/4S/TiO2-SiO2(H) samples activated at different tem-
peratures.

prepared by different methods. From the BET surface
area measurement, it is found that surface area does not
alter much by phosphate impregnation up to 7.5 wt%
(341–372 m2/g). But at higher phosphate concentration
(10 wt%) the surface area decreases drastically from
372 to 261 m2/g. It is observed that the sample pre-
pared at pH 3 has higher surface area (377 m2/g) than
the sample prepared at pH 7 (265 m2/g), although both
the samples contain the same amount of phosphate ion
(7.5 wt%). The sample containing 7.5 wt% of PO3−

4

(H3PO4 as the source of PO3−
4 ion) has more surface
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T ABL E I Textural parameters of TiO2-SiO2 and PO3−
4 /TiO2-SiO2 samples activated at 723 K

Sample wt% of SBET Sα Av. pore- Pore
no. Catalysts PO3−

4 (m2/g) (m2/g) radius (Å) volume

1 TiO2-SiO2 0.00 341 341 12.38 0.13
2 2.5P/TiO2-SiO2 2.90 354 353 – –
3 5.0P/TiO2-SiO2 5.52 369 367 – –
4 7.5P/TiO2-SiO2 8.20 372 370 4.15 0.04
5 10.0P/TiO2-SiO2 11.16 261 260 – –
6 7.5P/TiO2-SiO2(H) 8.12 387 386 4.02 0.03
7 10.0P/TiO2-SiO2(H) 11.04 213 215 – –
8 7.5P/TiO2-SiO2(H∗) 8.04 265 266 14.24 0.14

Note: (H) and (H∗) indicates H3PO4 impregnated on TiO2-SiO2 samples prepared at pH 3 and 7, respectively.

area (387 m2/g) than the sample containing the same
amount of PO3−

4 but obtained from a different source
of phosphate ion [(NH4)3PO4, 372 m2/g]. The average
pore radius is calculated, assuming the pores to be cylin-
drical, using the formula r = 2Vp/Sp, where r is the
average pore radius, Vp is the pore volume, and Sp is the
specific internal surface area of the pores measured by
summing of the pore area over the whole pore system.
The reverse trend is also observed for both average pore
radius and total pore volume. Therefore, the presence of
a low amount of phosphate ion may be responsible for
the formation of porous a network. It has been shown
[36, 37] that, in anion modified metal oxides, some of
the hydroxyl bridges originally present in dried unac-
tivated and unphosphated TiO2-SiO2 mixed oxides are
replaced by the phosphate ions. On activation, the for-
mation of oxy bonds takes place, and results in changes
in the Ti O Si, Ti O Ti and Si O Si bond strength
due to attachment of the phosphate bridges. Thus the
changes in the bond strength may be responsible for
the formation of porous network. However, when phos-
phate content increases beyond 7.5 wt%, pore block-
ing/formation of polyphosphate takes place due to the
presence of an excess amount of phosphate ion.

Figure 9 Nitrogen adsorption-desorption isotherm of (a) TiO2-SiO2, (b) 7.5P/TiO2-SiO2(H) and (c) 7.5P/TiO2-SiO2(H∗) samples activated at
723 K.

N2 adsorption-desorption isotherms of unmodified
and phosphate-modified samples are of nearly the same
type (Fig. 9) and can be assigned as type IV or II in the
BDDT classification [38]. From the shape of the curves
it can be predicted that sample prepared at pH 7 consists
mainly of mesoporous material. However, the samples
prepared at pH 3 are micro-mesopores. A similar obser-
vation can also be drawn from the pore size distribution
curves (Fig. 10) calculated by the BJH equation [39].
Thus due to mesoporosity, samples prepared at pH 7
show a drastic decrease in surface area. The αs-plots
of the samples prepared at pH 3 show a downward de-
viation. However, the samples prepared at pH 7 show
an upward deviation. The downward deviation reveals
that these samples contain predominantly micropores,
along with some mesopores, whereas an upward devi-
ation indicates the presence of mesopores.

It is also found that (Table II) surface area does not
alter much by sulfation up to 8 wt%. But at higher
SO2−

4 wt% (10 and 15 wt%) surface area decreases
slowly. However, when sulfate content increases be-
yond 8 wt%, pore blocking takes place due to the pres-
ence of excess of sulfate. But, with addition of a small
amount of fluoride (0.5 wt%) over sulfated (4 wt%)
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Figure 10 Distribution of pores as a function of pore radius.

TiO2-SiO2 calcined at 723 K decreases the surface area
from 343 to 137 m2/g (Table III). However the surface
area increases by 93 m2/g (137 to 230 m2/g) with in-
crease in fluoride content from 0.5 to 2.0 wt%. Again,
higher fluoride loading (10.0 wt%) decreased the sur-
face area to 144 m2/g. An increase in surface area from
30 to 230 m2/g was found with increase in calcination
temperature from 383 to 723 K and then a decrease to
154 m2/g at higher calcination temperature (923 K) is
observed in 2.0 wt% fluoride-sulfate modified TiO2-
SiO2 samples. The reverse order is observed in the case

T ABL E I I Textural parameters of TiO2-SiO2 and sulfated TiO2-SiO2 samples activated at 723 K

Sample wt% of SBET Sα Av. pore Pore
no. Catalysts SO2−

4 (m2/g) (m2/g) diameter (Å) volume (ml/g)

1 TiO2-SiO2 0 341 341 24.76 0.172
2 2SO2−

4 /TiO2-SiO2(H) 2 344 340 43.34 0.134
3 4SO2−

4 /TiO2-SiO2(H) 4 347 345 28.42 0.113
4 6SO2−

4 /TiO2-SiO2(H) 6 343 335 18.9 0.2
5 8SO2−

4 /TiO2-SiO2(H) 8 339 340 3.76 0.14
6 10SO2−

4 /TiO2-SiO2(H) 10 311 296 – 0.257
7 15SO2−

4 /TiO2-SiO2(H) 15 292 284 15.08 0.157

Note: (H) indicates H2SO4 impregnated sample prepared pH 3.

TABL E I I I Textural parameters of SO2−
4 , F−, SO2−

4 /F− modified and unmodified TiO2-SiO2

Activation wt% of SBET Sα Av. pore Surface
Sample code temp. (K) F− (m2/g) (m2/g) radius (Å) OH (meq/g)

TiO2-SiO2 723 0 (0) 341 341 12.38 1.5
4S/TiO2-SiO2(H) 723 0 (4) 347 345 14.21 1.2
2F/TiO2-SiO2 723 2 (0) 297 290 18.26 0.45
0.5F/4S/TiO2-SiO2(H) 723 0.5 (4) 137 141 16.52 0.75
1F/4S/TiO2-SiO2(H) 723 1.0 (4) 179 – – 0.60
1.5F/4S/TiO2-SiO2(H) 723 1.5 (4) 191 – – 0.55
2F/4S/TiO2-SiO2(H) 723 2.0 (4) 230 232 26.42 0.25
10F/4S/TiO2-SiO2(H) 723 10.0 (4) 144 – – 0.25
2F/4S/TiO2-SiO2(H) 383 2.0 (4) 30 – – 0.55
2F/4S/TiO2-SiO2(H) 623 2.0 (4) 53 51 29.97 0.30
2F/4S/TiO2-SiO2(H) 823 2.0 (4) 189 – – 0.20
2F/4S/TiO2-SiO2(H) 923 2.0 (4) 154 – – 0.15

Note: (H) indicates H2SO4 impregnated sample prepared at pH 3. Figures in the parentheses are the wt% of SO2−
4 . 2F, 4S etc. are represents loading

(wt%) of fluoride and sulfate, respectively during the impregnation process.

of pore radius. The decrease in surface area and increase
in pore radius after fluorination is due to the progressive
coalescence of small pores to form large pore [40]. This
implies that the presence of fluoride plays a role in mak-
ing the material porous. Further, the decrease in surface
area beyond 10.0 wt% of fluoride and at higher calci-
nation temperature (923 K) because of pore blocking
takes place due to the presence of an excess of fluoride
and sintering of the material, respectively.

The mesoporosity gradually increases with increas-
ing fluoride content up to 2.0 wt%; however, it decreases
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Figure 11 Distribution of pores as a function of pore radius.

with calcination temperatures (Fig. 11). The specific
surface area Sα was also calculated from the slope of
the straight line passing through the origin of the αs-
plot (va vs. αs) using the formula Sα = 2.645× slope of
the text line. The surface areas Sα from the αs-plot are
very similar to those from the SBET method (Table II).

The phosphate concentrations of the samples acti-
vated at 723 K are shown in Table I. The phosphate
concentration in samples activated at 773 K is higher
than the corresponding amount added during prepa-
ration. This is due to the loss of water (dehydration)
and alcohol (adsorbed solvent in course of prepara-
tion of catalyst) during activation. Similar types of
observation were also reported earlier by Pattnayak
et al. [41].

Whereas, the calcination temperature has a domi-
nating role on the sulfate content of both the series
of samples (Table IV). Calcination of samples up to
623 K enhances the sulfate content and thereafter de-
creases with further increase in calcination temperature.
However, the decrease in sulfate content after 723 K of
calcination is more pronounced in case of SO2−

4 /TiO2-
SiO2 than fluoride-modified SO2−

4 /TiO2-SiO2. A reg-
ular increase in sulfate content (wt%) up to 623 K of
calcination may be attributed to loss of water (dehydra-
tion) and alcohol (adsorbed solvent in course of prepa-
ration of catalyst) as evident from TG analysis. With
increase in calcination temperature (beyond 623 K) the

T ABL E IV The sulfate content (wt%) of different samples under
investigation

T (K) 383 623 723 823 923

4S/TiO2-SiO2 3.97 5.17 3.22 1.31 0.23
2F/4S/TiO2-SiO2 3.98 5.05 4.79 3.20 2.35

Note: 4S/TiO2-SiO2 and 2F/4S/TiO2-SiO2 represents 4 wt% of
SO2−

4 /TiO2-SiO2 and 2 wt% of fluoride-modified 4 wt% SO2−
4 /TiO2-

SiO2, respectively.

strongly bonded sulfate group start decomposing at 723
and 923 K in case of SO2−

4 /TiO2-SiO2 and fluoride-
modified SO2−

4 /TiO2-SiO2, respectively. The decom-
position of sulfate at higher calcination temperature on
fluoride-modified SO2−

4 /TiO2-SiO2 than SO2−
4 /TiO2-

SiO2 is of interesting. The presence of fluoride might
be inhibiting the loss of sulfate at higher temperature
by blocking its escape from the surface.

The surface hydroxyl groups determined titrimetri-
cally are shown in Table III. The concentration of OH
groups decreases with sulfate as well as with fluoride
loading up to 2.0 wt% and levels off with further in-
crease in loading. This result is also supported by FT-
IR analysis. Thus fluoride loading can be considered as
monolayer coverage on the sulfated TiO2-SiO2 support
from the fact that, in supported catalysts, the monolayer
is formed by a strong chemical interaction between the
OH groups of the supported surface and the supported
metal oxide precursors present in the impregnating so-
lution [42]. It may be inferred that the drop in the sur-
face concentration of OH groups upon deposition of
fluoride ions and then its leveling off at and beyond a
certain loading (2.0 wt%) provide evidence for interac-
tion between surface OH groups of the sulfated TiO2-
SiO2 support and the active fluoride species until the
completion of the monolayer. This result is confirmed
by the increase in surface area up to 2.0 wt% fluoride
impregnation, then a decrease on further loading.

2.5. Acid strength
Table V shows that the Hammett acidity function of
7.5P/TiO2-SiO2 is ≥−13.16, whereas for TiO2-SiO2 it
is ≥−8.2. These results mean that the weak acid sites
of unmodified catalyst are converted into strong acid
sites by means of anion modification. Acids stronger
than Ho = −11.93, which corresponds to the acid
strength of 100% H2SO4, are known as super acids [12].
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T ABL E V Acid strength and surface acid sites of the TiO2-SiO2 and
PO3−

4 /TiO2-SiO2 samples activated at 723 K

PKa value of indicators

−3.0
Catalysts −8.2 −12.4 −13.16 −14.52 (µmol/g)

TiO2-SiO2 + − − − 210
2.5P/TiO2-SiO2 + + ± − 322
5.0P/TiO2-SiO2 + + ± − 346
7.5P/TiO2-SiO2 + + + − 372
10.0P/TiO2-SiO2 + + ± − 332
7.5P/TiO2-SiO2(H) + + + ± 405
7.5P/TiO2-SiO2(H∗) + + ± − 380

Note: (H) and (H∗) indicates H3PO4 impregnated on TiO2-SiO2 sample
prepared at pH 3 and 7, respectively.

So, 7.5P/TiO2-SiO2 acts as a solid super acid catalyst.
The increase in acid strength in the modified catalyst
is attributed to the double bond nature of P O, which
strengthens the acid sites by the inductive effect [43].

Whereas the Hammett acidity function of 4SO2−
4 /

TiO2-SiO2 is <−14.52 and for TiO2-SiO2 it is
<−11.35 (Table VI).

It is also seen that (Table VII) the Hammett acid-
ity function of 2F/4S/TiO2-SiO2 is −16.04, whereas
it is >−8.2, >−12.7 and <−14.52 for TiO2-SiO2,
2F/TiO2-SiO2 and 4S/TiO2-SiO2, respectively. The
acid strength of unmodified TiO2-SiO2 is less than
that of the sulfate as well as that of fluoride-modified
TiO2-SiO2. Further increase of acid strength with flu-
oride impregnation over SO2−

4 /TiO2-SiO2 in case of
2F/4S/TiO2-SiO2 is due to the simultaneous inductive
effect of S O and gem-fluoride ions.

2.6. Surface acid sites
The acid sites of unmodified and phosphate-modified
TiO2-SiO2 mixed oxide catalysts after being activated

T ABL E VI Acid strength and surface acid sites of TiO2-SiO2 and SO2−
4 /TiO2-SiO2 activated at 723 K by Hammett indicator method

Catalyst +3.3a −5.6a −8.2a −11.3a −11.9a −12.7a −14.5a −3.0 (µmol/g)

TiO2-SiO2 + + + ± − − − 210
2SO2−

4 /TiO2-SiO2(H) + + + + ± − − 475
4SO2−

4 /TiO2-SiO2(H) + + + + + + ± 592
6SO2−

4 /TiO2-SiO2(H) + + + + ± − − 610
8SO2−

4 /TiO2-SiO2(H) + + + + ± − − 638
10SO2−

4 /TiO2-SiO2(H) + + + + ± − − 386
15SO2−

4 /TiO2-SiO2(H) + + + − − − − 345

Note: aIndicate indicators with different pKa values. (H) indicates H2SO4 impregnated sample prepared at pH 3.

T ABL E VII Acid strength and surface acid sites of unmodified and modified catalysts activated at 723 K by Hammett indicator method

pKa value
Hammett indicators of indicators TiO2-SiO2 2F/TiO2-SiO2 4S/TiO2-SiO2(H) 2F/4S/TiO2-SiO2(H)

Anthraquinone −8.2 + + + +
Nitrobenzene −12.4 − + + +
m-nitrochlorobenzene −13.16 − − + +
2,4-dinitrotoluene −14.52 − − ± +
1,3,5-trinitrotoluene −16.04 − − − +
Dicinnamalacetone −3.0 (µmol/g) 210 435 592 715

Note: (H) indicates H2SO4 impregnated sample prepared at pH 3.

at 723 K for 4 h were determined by titrating the
solid suspended in benzene against n-butyl amine using
dicinnamalacetone indicator, as reported in Table V. It
is observed that the phosphate-modified catalysts have
much more acidity than the unmodified catalyst. When
one increases the PO3−

4 loading up to 7.5 wt%, the acid-
ity gradually increases (322 to 372 µmol/g); thereafter
it decreases to 322 µmol/g on further addition. The
initial increase in surface acidity, with an increase in
phosphate loading up to 7.5 wt%, may be due to phos-
phate monolayer formation. The decrease in the sur-
face acidity at high phosphate concentration (10 wt%)
is probably due to formation of polyphosphate, which
decreases the number of Brönsted acid sites and con-
sequently the total number of acid sites [36]. It is
also observed that phosphated sample prepared using
H3PO4 exhibit higher acidity (405 µmol/g) compared
to the samples prepared using (NH4)3PO4 (372 µmol/g)
when the same amount (7.5 wt%) of phosphate was im-
pregnated. Similarly, samples prepared at pH 3 exhibit
higher acidity (405 µmol/g) than the samples prepared
at pH 7 (380 µmol/g). It is reasonable to assume that,
during the preparation procedure, the aqueous phos-
phoric acid protonates all types of hydroxyls (TiO2-
SiO2) by an acid-base reaction. However, phosphate of
ammonium phosphate by solid-solid kneading method
undergoes interaction with all types of basic hydroxyls
to a smaller extent, resulting in less acidity compared
to phosphate of phosphoric acid by aqueous impregna-
tion method. Similar observations have been reported
earlier in the cases of SO2−

4 [44] and PO3−
4 [45] on

alumina. It is observed (Table VI) that the sulfate mod-
ified catalysts have much more acidity than the unmod-
ified as well as phosphate modified catalyst. The acidity
gradually increases (475 to 638 µmol/g) by increasing
the SO2−

4 loading up to 8.0 wt% and decreases there-
after to 386 µmol/g. It is also observed (Table VII) that
the fluoride-sulfate modified TiO2-SiO2 mixed oxide
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Figure 12 Conversion of 2-propanol as a function of temperature over
different TiO2-SiO2 samples. Number refers to sample numbers (c.f.
Table I).

sample has more acidity (715 µmol/g ) compared to
sulfate, fluoride modified as well as unmodified TiO2-
SiO2 mixed oxide sample. The more acidity in case
of 2F−/4SO2−

4 /TiO2-SiO2 (H) is due to simultaneous
effect of sulfate as well as fluoride group.

2.7. Catalytic activities
Conversion of 2-propanol over acidic catalysts pro-
duces propene and isopropyl ether as the major product
while acetone is the major products over catalyst con-
taining basic and redox sites. Fig. 12 shows that trans-
formation of 2-propanol increases with increase in sul-
fate content up to 10 wt% and thereafter it decreases.
From the product analysis we found that propene is
the major product however isopropyl ether (<2 mol%)
and acetone (<2 mol%) are also formed as the minor
products. Formation of acetone suggests that all the
catalysts contain insufficient number of basic and re-
dox sites [46]. As the basicity of 2-propanol is higher
than methanol, it can give olefin even on weak acid sites,
whereas methanol gives olefin only on strong acid sites.
So the observed variation in the rate of propene forma-
tion with increase in sulfate content may be due to the
increase in the number of available weak acid sites.

It has also been reported earlier [16] that sulfation
of titania-silica increases the Lewis acidity of the cata-
lyst. To differentiate between the strong and weak acid
sites of the catalyst, methanol conversion was carried
out. Over all the catalysts, both dimethyl ether (DME)
and C+

2 hydrocarbons are the dehydration products
(Fig. 13). In addition to both of these products, CO and
CH4 is the decomposition product of DME [47], par-
ticularly at higher reaction temperatures. From Fig. 13,
it is clear that dimethyl ether (DME) is the predom-
inant product. Among all the samples, 4SO2−

4 /TiO2-
SiO2 shows highest selectivity towards C+

2 hydrocar-
bons (16 mol%). But as a whole, all the samples showed
low selectivity towards the C+

2 hydrocarbons which in-
dicates that the strengths of the major acid sites are not
enough for the methanol conversion to C+

2 hydrocar-
bons.

In methanol conversion reaction, the selectivity of the
products are represented by their corresponding opti-

Figure 13 Selectivity of different products from methanol conversion
at 723 K over different TiO2-SiO2 samples. Number refers to sample
numbers (c.f. Table I).

Figure 14 OPE curve for methanol conversion to dimethyl ether (DME)
and C+

2 hydrocarbons at 523 K.

mum performance envelope (OPE) curves (Fig. 14).
These values are obtained by plotting the fractional
conversion (X ) of a particular product against the to-
tal conversion (X t). This is obtained by varying cat-
alyst to alcohol ratio (w/w) as described by Ko and
Wojciechowski [48]. The OPE curves represent the con-
version selectivity behaviour of active sites present on
a catalyst and whose slope at the origin represents the
initial selectivity for those products. For obtaining the
product distribution as a function of the conversion,
we have included experiments performed by varying
the weight of the catalyst, so that conversion as high
as 50–60 mol% can be achieved. From Fig. 14, it is
observed that both DME and C+

2 hydrocarbons are
present from the onset of the reaction, which indicates
that both of these are primary dehydration products.
There is some marked downward deviation in the case
of DME plots indicates the instability of the product.
At the same time, an upward deviation is marked in
the C+

2 hydrocarbon plots. It means that DME further
dehydrates to C+

2 hydrocarbons in a secondary reaction
at higher reaction temperature. All other catalysts also
show nearly similar behaviour. Thus the formation of

3559



T ABL E VII I Cumene cracking/dehydrogenation over modified TiO2-SiO2 activated at 723 K at different temperatures

Reaction
temp. (K) TiO2-SiO2 2F/TiO2-SiO2 4S/TiO2-SiO2(H) 0.5F/4S/TiO2-SiO2(H) 2F/4S/TiO2-SiO2(H)

473 0 0 0 6.3 (1.1) 12.1 (1.37)
500 0 0 0 10.5 (1.33) 14.6 (1.43)
523 0 1.3 (1.16) 9.2 (0.12) 22.8 (1.53) 28.2 (1.76)
573 7.36 (6.36) 9.4 (2.1) 11.11 (0.121) 31.1 (1.8) 37.7 (1.96)
623 28.25 (22.54) 29.0 (2.22) 29.86 (1.87) 43.3 (2.25) 54.1 (2.86)

Note: (H) indicates H2SO4 impregnated sample prepared at pH 3. Figures in parentheses are the ratio of benzene to α-methyl styrene in the product.

C+
2 hydrocarbons on TiO2-SiO2 and SO2−

4 /TiO2-SiO2
is a combination of parallel and consecutive (primary
and secondary) reactions.

On all the acid catalysts, cumene conversion re-
sulted in dehydrogenation as well as cracking products.
α-methylstyrene is the dehydrogenation product,
whereas benzene and propene are the cracking pro-
ducts. Table VIII represents the conversion and
selectivity of different products obtained from dehy-
drogenation and cracking of cumene. The cumene con-
version is maximum over 4SO2−

4 /TiO2-SiO2 (64%). It
is also observed that cracking products are maximum
over TiO2-SiO2 at all temperature indicating the pres-
ence of more Bronsted acid site [49]. This cracking
activity gradually decreases with varying SO2−

4 wt%.
But the dehydrogenation product (α-methyl styrene)
gradually increases with sulfation. This means that
all SO2−

4 /TiO2-SiO2 possess higher number of lewis
sites. Among all the sulfated samples, 4SO2−

4 /TiO2-
SiO2 showed the highest rate of reaction. Probably the
increase in acid strength in case of sulfated catalysts
is mainly due to the increase in number of Lewis acid
sites, which facilitates the dehydrogenation reaction.

However, this cracking product increases with vary-
ing fluoride wt% over sulfated TiO2-SiO2 (Table VIII).
It is generally accepted that cumene cracking proceeds
over Bronsted sites [50]. In the mechanism, the first
step is protonation of the ring of cumene, at the point
of attachment of the substituents, on Bronsted acid sites,
followed by cleavage of the ring-side chain bond to gen-
erate benzene and propylene. However, the formation
of α-methyl styrene probably results from a free radical
mechanism (over lower acid site) of cumene decompo-
sition initiated by dehydrogenation centres [51]. This
means that sulfate impregnation increases the number
of Lewis acid sites but fluoride loading over sulfated
TiO2-SiO2 probably increases the strength of Bronsted
acid sites, which facilitates the cracking reaction.

Catalytic outcomes of nitration reaction of toluene
are presented in Table IX. It is observed that the yield of
mono-nitro toluene in the case of phosphate-modified
TiO2-SiO2 mixed oxide is more than in the case of
the unmodified TiO2-SiO2 catalyst. If one increases the
wt% of PO3−

4 up to 7.5, the yield of the reaction does
not increase so much. However, with higher phosphate
concentration (10 wt%), the yield decreases drastically.
Comparing the TiO2-SiO2 mixed oxide samples with
the same amount of phosphate ion but different sources
of the ion [H3PO4 and (NH4)3PO4], one sees that the
yield of mono-nitro product more or less remained the
same, but the P/O ratios are different. A sample pre-

TABLE IX Catalytic activity of the TiO2-SiO2and PO3−
4 /TiO2-SiO2

samples activated at 723 K towards mono-nitration of toluene

Selectivity (%)

Catalysts
Yield
(%) Ortho (O) Meta (M) Para (P) P/O

TiO2-SiO2 58 36 1 63 1.75
2.5P/TiO2-SiO2 81 30 1 69 2.30
5.0P/TiO2-SiO2 82 32 1 67 2.09
7.5P/TiO2-SiO2 83 33 2 65 1.96
10.0P/TiO2-SiO2 68 35 2 63 1.80
7.5P/TiO2-SiO2(H) 89 31 1 68 2.19
10.0P/TiO2-SiO2(H) 59 35 2 63 1.80
7.5P/TiO2-SiO2(H∗) 78 38 2 60 1.57

Note: (H) and (H∗) indicates H3PO4 impregnated on TiO2-SiO2 sample
prepared at pH 3 and 7, respectively.

pared from H3PO4 ion has more para selectivity (P/O =
2.19) than that of the sample prepared from (NH4)3PO4
(P/O = 1.96). The same trend is also observed in case
of TiO2-SiO2 mixed oxide samples prepared by differ-
ent methods. TiO2-SiO2 mixed oxide samples prepared
at pH 7 (impregnated with 7.5 wt% of phosphate using
H3PO4 as the source of PO3−

4 ion) have less para selec-
tivity (P/O = 1.57) than the samples prepared at pH 3
(P/O = 2.19) with the same concentration and source
of phosphate ion.

The mechanism of nitration reaction involves elec-
trophilic attack on the aromatic rings by the nitron-
ium ion, NO+

2 . Bronsted acid sites are responsible for
the generation of NO+

2 ion from nitric acid, whereas
Lewis acid sites are responsible for the selectivity to
para product [52, 53]. The earlier work [54] empha-
sises the activity, yield and selectivity of the catalyst as
a function of acidity of the material. However, our ob-
servation shows that the selectivity to para product de-
creases with increase in porosity of the material, which
was also reported earlier by Kwok et al. [55] on zeolite
catalyst (i.e., the higher the porosity, the lower the se-
lectivity to para product). This observation is reflected
on samples prepared using (NH4)3PO4 as the source of
phosphate ion and TiO2-SiO2 prepared at pH 7. In this
case, though the porosity increases, the selectivity to
para product is less compared to the samples prepared
at pH 3 and H3PO4 as the source of phosphate ion, with
almost negligible change in acidic properties.

Esterification is an acid-catalysed reaction. The re-
action of acetic acid and n-butanol in the liquid phase
catalysed by solid acids proceeds according to a rate
equation, which is first order with respect to acetic acid
and zeroth order with respect to n-butanol [56]. Table X
shows the conversion, selectivity and rate constant for
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T ABL E X Catalytic activity of unmodified and modified TiO2-SiO2 towards the esterification of acetic acid

Rate constant
Sample no. Sample code Conversion (%) Selectivity (%) (s−1 m−2)

1 TiO2-SiO2, 723 K 21.66 (4) 100 1.243 × 10−7

2 4S/TiO2-SiO2(H), 723 K 100 (4) 100 2.458 × 10−5

3 2F/TiO2-SiO2, 723 K 22.66 (3) 100 3.282 × 10−6

4 0.5F/4S/TiO2-SiO2(H), 723 K 47.05 (3) 100 2.719 × 10−5

5 1F/4S/TiO2-SiO2(H), 723 K 75.36 (3) 100 2.898 × 10−5

6 1.5F/4S/TiO2-SiO2(H), 723 K 78.66 (3) 100 3.553 × 10−5

7 2F/4S/TiO2-SiO2(H), 723 K 90.66 (3) 100 4.000 × 10−5

8 10F/4S/TiO2-SiO2(H), 723 K 78.12 (3) 100 3.909 × 10−5

9 2F/4S/TiO2-SiO2(H), 383 K 73.33 (3) 100 1.631 × 10−4

10 2F/4S/TiO2-SiO2(H), 623 K 99.1 (3) 100 3.218 × 10−4

11 2F/4S/TiO2-SiO2(H), 823 K 42.33 (3) 100 1.078 × 10−5

12 2F/4S/TiO2-SiO2(H), 923 K 4.99 (3) 100 1.231 × 10−6

Note: (H) indicates H2SO4 impregnated sample prepared at pH 3. Figures in the parentheses are the reaction times in hours.

esterification of acetic acid over sulfate, fluoride, flu-
oride with sulfate modified and pure TiO2-SiO2 cata-
lysts. Fluoride-modified sulfated TiO2-SiO2 mixed ox-
ides have much higher values for rate constant than
unmodified, fluoride and sulfate modified TiO2-SiO2
mixed oxides.

Such as esterification reaction can be catalysed by
Bronsted acid sites. The mechanism involved in the
reaction is as follows.

RCOOH + H+ ⇔ RC+(OH)2 + R′OH

⇔ RC(OH)(OH+
2 )(OR′)

⇔ RCOOR′ + H2O + H+

The esterification reaction is catalysed by strong acid
sites on the solid surface. As shown from sulfate con-
tent analysis (wt%), though there is a sulfate loss at
723 K, the surface sulfate concentration of fluoride-
modified sulfated TiO2-SiO2 is more than that of sul-
fated TiO2-SiO2. So, it is observed that (Table X) the ac-
tivity of fluoride-modified sulfated TiO2-SiO2 is higher
than that of sulfated TiO2-SiO2 at 723 K calcination.
The surface sulfate concentrations have the same trend
as the activity for esterification of acetic acid. Clearly,
the enhanced surface sulfate presence due to the fluo-
ride, and a simultaneous inductive effect of sulfate and
fluoride ions, accounts for enhanced activity. To support
this argument another point is that fluoride-modified
TiO2-SiO2 is less active than both the sulfated and the
fluoride-modified sulfated TiO2-SiO2 for the reaction
under identical conditions. This type of observation has
also been interpreted by Huang et al. [57] where modi-
fication of sulfated zirconia with tungsten oxide retains
the sulfate content that enhances the hexane conver-
sion. So, modification with fluoride ions, the Bronsted
acid strength of sulfated TiO2-SiO2 increases, result-
ing in higher catalytic activity for esterification reac-
tion. Comparing this reaction with other catalysts like
CeO2-ZrO2 [58], SO2−

4 /Sm2O3 [59], SO2−
4 /SnO2 [60],

SO2−
4 /CeO2 [61], SO2−

4 /TiO2 [62], ZrO2 [63] and Mo-
ZrO2 [64] the fluoride-modified SO2−

4 /TiO2-SiO2 have
very high values for rate constant.

The conversion increases with increase in fluoride
loading but decreases with calcination temperature (in

the range 723 to 923 K). The former may be due to
increase in strength of Brönsted acid sites with fluoride
loading over sulfated TiO2-SiO2 while the latter would
be due to the reverse. It is also observed that the catalyst
remains active after ten cycles without change in rate
constant.

3. Summary
Anion modified titania-silica mixed oxide acts as a
novel class of catalyst and has been widely applied in
acid catalysis. Modification of the hydrous gel with
anions can alter the textural as well as the acidic prop-
erties of the sample. Control of porosity and generation
of new strong acid sites, which depend on the method
of preparation, source and concentration of anions af-
fect the catalytic activity of TiO2-SiO2 mixed oxide.
The presence of anions facilitates the crystallisation at
lower temperature but stabilises the anatase phase of
titania at higher temperature. Dispersed fluoride ions
effectively promote the thermal stability of sulfate ions.
In case of 2-propanol conversion the low acetone selec-
tivity indicates the insufficient number of redox sites.
The selectivity study showed that methanol dehydration
on TiO2-SiO2 and SO2−

4 /TiO2-SiO2 is a combination of
parallel and consecutive reactions. In cumene conver-
sion reaction, TiO2-SiO2 shows a better selectivity for
benzene, whereas sulfated TiO2-SiO2 is selective for
α-methyl styrene. Further, the impregnation of fluoride
ions over sulfated TiO2-SiO2 increases the selectivity
for benzene. The acid strength of 2F/4S/TiO2-SiO2 is
more than that of PO3−

4 /TiO2-SiO2, 2F/TiO2-SiO2 and
4S/TiO2-SiO2. So the increase in acid strength is proba-
bly due to the increase in Bronsted acid sites. The acid-
ity and porosity of the catalyst control the yield and
selectivity to the mono-nitro product. Enhancement of
surface sulfate presence due to fluoride ions and a si-
multaneous inductive effect of sulfate and fluoride ions
account for the higher rate of esterification of acetic
acid.
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