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Characterization of sulfated TiO2 prepared by the sol–gel method and
its catalytic activity in then-hexane isomerization reaction

Lúcia K. Noda∗, Rusiene M. de Almeida,
Luiz Fernando D. Probst, Norberto S. Gonc¸alves

Departamento de Qu´ımica, Laboratório de Catálise Heterogˆenea,
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Abstract

Sulfated TiO2 was prepared by a single-step sol–gel method, in which the hydrolysis and sulfation occur in the same step, varying some
c ectroscopy,
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onditions of the preparation method. The characterization was carried out by thermogravimetric analysis, infrared absorption sp
aman spectroscopy, pyridine adsorption infrared spectroscopy for the determination of the Brönsted acid sites/Lewis acid sites ratio, de
ination of the specific surface area (BET method), average pore diameter (BJH method) and catalytic activity in then-hexane isomerizatio

eaction.
In the infrared spectra it was verified that the sulfate is coordinated to the titanium in a chelate form, while in the Raman spe

bserved that the samples are in an anatase crystalline form.
Catalytic tests of then-hexane conversion at 100 and 200◦C were carried out. At 100◦C, it was observed that the selectivity for isomeriza

nd catalytic stability are higher than at 200◦C, however, at 100◦C the conversion is lower than at 200◦C.
Among the structural and textural properties investigated, it was found that the samples which had greater average pore diam

igher Br̈onsted acid sites/Lewis acid sites ratio were the ones which showed greater catalytic activity.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid acid catalysts form the greater part of catalysts used
n petroleum refining and in the petrochemical industry. They
re used in conversion reactions of hydrocarbons derived

rom petroleum, such as alkylation, isomerization, cracking,
tc. Some examples of these catalysts are silica–alumina, alu-
inophosphates, silica–alumina–phosphates, zeolites, het-
ropolyacids and metallic sulfate oxides[1].

In some types of reactions, such as alkane isomerization,
great problem which is faced with conventional solid acid

atalysts is the low selectivity, due to the high temperature
eeded for carrying out the reactions, which ends up provok-

∗ Corresponding author. Tel.: +55 48 331 92 19; fax: +55 48 331 97 11.
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ing secondary reactions. In order to overcome this pro
many studies have been recently carried out to find hi
acidic solids which can be used at lower temperatures, h
being more selective.

Sulfated metallic oxides are examples of highly ac
solids, classified by some authors as superacids[2]. Hino
and co-workers initially investigated sulfated ZrO2 and TiO2,
with which it was possible to carry outn-butane isomeriza
tion at ambient temperature[3,4]. The isomerization of alka
nes at ambient temperature is of interest to the petro
industry since ramified alkanes are important for gen
ing products which increase the octane number of gaso
The reaction at ambient temperature represents not on
economy of energy, but also favors, thermodynamically
ramified products[5].

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1. Br̈onsted and Lewis acid sites in sulfated metal oxide.

In the sulfated metallic oxides there may be as many Lewis
acid sites as Br̈onsted acid sites. The superacidity of these
materials is attributed to the Brönsted acid sites, created or
already existing, whose acidity is increased by the presence
of neighboring strong Lewis acid sites. The strength of these
Lewis acid sites is due to an inductive effect exercised by
sulfate on the metallic cation, which becomes more deficient
in electrons, as seen in theScheme 1.

It was found that Br̈onsted acidity is very important to the
catalytic activity of sulfated ZrO2 [6,7] and of sulfated TiO2
[8]. The Br̈onsted acid sites would be formed in samples with
higher sulfate content[6,7,9,10]in which the sulfate would
have a polynuclear structure[7]. The experimental factors
which influence the formation of the Brönsted and Lewis
acid sites are the preparation method, the sulfate content, and
the calcination temperature.

The first preparations of sulfated metallic oxides were car-
ried out through the impregnation of TiO2, previously pre-
pared, with H2SO4 or (NH4)2SO4 [11]. However, Farcasiu
and Li [12] observed that it was not possible to control the
quantity of sulfate groups through the impregnation method.
Ward and Ko[13] found an effective way to prepare the sul-
fated ZrO2, in a singe step, using the sol–gel method, thus
controlling the quantity of sulfate. According to this method,
an H2SO4 solution in water was added to zirconium alkox-
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The characterization of catalysts may be carried out
through structural, electric, magnetic, textural and morpho-
logical properties, etc.

The structure of catalysts, including the study of the inter-
action with adsorbed molecules, can be investigated through
spectroscopic methods involving electronic, vibrational and
spin (nuclear and electronic) transitions[16,17].

Infrared absorption spectroscopy is frequently used
for the determination of acid sites at surfaces, employ-
ing probe molecules, which have characteristic vibra-
tional frequencies, depending on the type of site in which
they are adosorbed, that is, in Brönsted or Lewis acid
sites.

Raman spectroscopy is particularly useful for the char-
acterization of catalysts in the low frequency region, which
is the region where the majority of catalysts are opaque in
the infrared spectrum, due to the very intense absorption of
metallic oxides, used as catalysts or supports, which are, how-
ever, weak Raman scatterers[17]. For instance, TiO2 has Ra-
man spectra very characteristic of anatase, rutile and brookite
crystalline forms, which does not occur with infrared spec-
tra. Further, it is possible to employ Raman spectroscopy to
investigate species adsorbed on catalyst surfaces, as reported
in a previous work concerning styrene oligomers on TiO2
surface[18,19].
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de, in the gel formation stage. Armendariz et al.[14] also
repared sulfated ZrO2 by the sol–gel method, with aqueo
2SO4 being added to zirconium alkoxide, as in the Ward
o preparation, or only concentrated H2SO4 was added to th
lkoxide in the pre-hydrolysis period, later adding wate
arry out the hydrolysis.

It was found that when H2SO4 is added to zirconium
lkoxide in the pre-hydrolysis stage, the sulfated ZrO2 ob-

ained has larger pores than in that obtained with the add
f H2SO4 in the hydrolysis stage. Textural properties, suc
urface area and average pore diameter play an importa
n heterogenic catalysis[15], such as in reagent convers
nd in selectivity for the desired products.

The number of studies involving the preparation, cha
erization and utilization of sulfated ZrO2 in various reac
ions which need sites of high acidity, is very high. Howe
tudies involving sulfated TiO2, which also has superac

ty characteristics, are more scarce. The utilization of c
ysts based on TiO2 is of great economic interest in som
ountries with large reserves of titanium oxide or mineriu
ike ilmenite (FeTiO3), from which it is possible to obta
iO2.
Textural properties such as specific surface area and
ge pore diameter may be determined utilizing the met
escribed by Brunauer–Emmett–Teller and Barrett, Jo
nd Halenda[20].

This study aims towards the preparation and chara
ation of sulfated TiO2 by the sol–gel method and the m
urement of catalytic activity in a reaction which requ
ery strong acid sites, such asn-hexane isomerization. Th
orrelation between the properties of sulfated TiO2, such a
ype of acid sites, crystalline form, sulfate group stabi
urface area, pore diameter and its catalytic activity wi

nvestigated.

. Experimental

.1. Preparation of sulfated TiO2 by the sol–gel method

Samples were prepared by the sol–gel method, in a s
tep, that is, the sulfatating agent, in this case H2SO4, was
dded in the hydrolysis or the pre-hydrolysis stage. S
onditions were varied, as described below.
Sample 1: To a solution of iso-propanol (i-PrOH)

nd titaniumiso-propoxide (Ti(i-PrO)4), 1.0 mL of H2SO4
.6 mol L−1 was added while shaking. The gel formed w

eft to stand for 1.5 h. The alcohol was evaporated and
esulting product was dried at 150◦C for 12 h. The solid wa
alcined at 390◦C for 5 h.
Sample 2: The same procedure used for sample 1

tilized, however, 0.2 mL of concentrated H2SO4 was first
dded, followed by 0.8 mL of H2O. Thus, the quantities
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H2SO4 and H2O added, in moles, are equal to those of prepa-
ration 1.

Sample 3: In this procedure the hydrolysis is carried out
in an aqueous solution of HNO3 and H2SO4, and not only
H2SO4, as in the two previous procedures. To a solution of
Ti(i-PrO)4 in i-PrOH, 1.5 mL of HNO3 70% (v/v) was added,
followed by 0.4 mL of concentrated H2SO4 while shaking.
A solution ofi-PrOH/H2O to bring about the hydrolysis was
then added. After the gel formation, it was left to stand for
1.5 h, the alcohol was evaporated and the product was dried
at 150◦C for 12 h.

Sample 3a consisted simply of sample 3 calcined at 300◦C
for 10 h. The color of the samples varied from white to light
beige.

2.2. Thermogravimetric analysis

The thermogravimetric analyses were carried out with a
Shimadzu TGA-50 instrument, under nitrogen atmosphere,
within the temperature range 25–900◦C, with a heating rate
of 10◦C/min.

2.3. Infrared spectroscopy

2
tem

2 ts.

2.3.2. Spectra of pyridine adsorbed on sulfated TiO2

The spectra were obtained by diffuse reflectance, with a
Bomem DA3.16 FTIR spectrometer, using a Spectra-Tech
catalytic cell, which allows heating, the creation of a vacuum
and the introduction of the vapor of the substance under
study. The procedure for the sample activation and obtention
of spectra is described as follows. The sulfated TiO2, in the
form of a powder, slightly compacted, was previously heated
to 100◦C for 30 min, then to 200◦C for 30 min and finally
to 300◦C for 30 min in the catalytic cell with an oxygen
flow. After this period, under vacuum, the temperature of
the cell was reduced to 100◦C. The pyridine vapor was
introduced into the cell at 100◦C, leaving the entrance
valve open for around 3 min, after creating a vacuum to
remove the pyridine excess. After the removal of excess
pyridine the infrared spectrum was recorded at a temperature
of 100◦C, increasing the temperature to 200◦C and then
300◦C, recording the spectra at each of these temperatures.
The spectra were acquired in the form of raw reflectance
data.

2.4. Raman spectra

The Raman spectra were obtained with a Renishaw
System 3000 instrument, using as the source of excita-
t ics).
T out
d

.3.1. Sulfated TiO2 spectra
The spectra were obtained with a Perkin-Elmer Sys

000 spectrometer, with the sample diluted in KBr pelle
Fig. 1. Schematic represent
ion the 632.8 nm line of a He–Ne laser (Spectra Phys
he samples were in compacted powder form, with
ilution.
ation of the reaction line.
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2.5. Specific surface area and average pore diameter

The analyses of the surface areas and average pore diam-
eters were carried out with an Autosorb-1-C (Quantachrome
Corporation) instrument. The samples were previously acti-
vated at 200◦C under vacuum for 2 h, and the analyses of
the physical adsorption/desorption of N2 at 77 K was then
carried out.

The specific surface areas were determined through the
isothermal model of Brunauer–Emmett–Teller (BET). For
the calculation of the average pore diameters the Barret,
Joyner and Hallenda (BJH) method was used, which con-
sists of determining the distribution of the pore diameters of
the sample.

2.6. Catalytic tests

The reactions were carried out with the reagent in the
gaseous phase, under continuous flow, utilizing nitrogen as
the diluent gas. The products were analyzed with a Shimadzu
GC-14B chromatograph, with an apolar capillary column
(CBP1) and a flame ionization detector. A metal reaction sys-
tem was utilized, as shown inFig. 1, with an internal diameter
of around 3 mm and a glass U-shaped reactor.

One hundred milligram of the sample were heated to
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Fig. 2. Thermograms (TGA) and first derivative curves (DTGA) of samples:
(a) 1; (b) 2; (c) 3; (d) 3a.

Table 1
Weight loss of sulfate (%) from the thermogravimetric analyses

Sample T (◦C) SO4 (wt.%)

1 605 3.4
698 2.2

2 579 4.1
679 3.7

3 576 14.0
3a 587 15.5
00◦C for a period of 3 h under oxygen flow. The hea
as switched off and left to reach the desired value, the
en flow was removed and the nitrogen/n-hexane mixtur
ow was then introduced. Them/F ratio (m is the catalys
ass in grams andF the flow ofn-hexane in mol/min) wa
.7× 103 g min mol−1. The reaction was carried out at t

emperatures, 100 and 200◦C.

. Results and discussion

.1. Thermogravimetric analysis

In the weight loss and first derivative curves (Fig. 2) the
eight loss of water in the temperature range 80–200◦C and

he weight loss of sulfate at temperatures above 400◦C, are
bserved.

On analyzing the first derivative curves in the region
ulfate loss, two samples with only a peak of sulfate los
ow 600◦C are observed, while another sample had two p
bove 600◦C and one sample had one peak above 600◦C and
nother peak below 600◦C (Table 1). Ward and Ko[13] also
bserved for sulfated ZrO2 prepared by the sol–gel meth

hat some samples had different regions of sulfate loss
owest temperature peak being attributed to a more we
ound sulfate species, whereas the highest temperatur
as attributed to a more strongly bound sulfate. In a re
tudy[8] we found that sulfated TiO2 shows the same beha

or, that is, there were distinct ranges of sulfate loss tem
ture which corresponded to the sulfates bound to diffe
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Fig. 3. Sulfate structures: (a) coordinated, C2v (chelate) and (b) coordinated,
C2v (bridge) and (c) free sulfate (Td).

types of acid sites.

3.2. Infrared absorption spectra

3.2.1. Sulfated TiO2
In the sulfated metal oxides, the sulfate is covalently bound

to the oxide, there being changes in its structure, which re-
flects in their vibrational spectra.

The free sulfate ion hasTd symmetry (Fig. 3(c)), with
a very intense band in the infrared spectrum at around
1100 cm−1 (ν3 mode). For salts in the solid state there is
a splitting of the degenerated modes, due to the reduction in
symmetry, such asν3, which are split into three components
between 1100 and 1170 cm−1, and also previously inactive
modes may become active, such asν1 which may appear very
weakly at 990–1020 cm−1 [21].

The sulfate coordinated to metals may have C2v symmetry,
when bound by two oxygens, it being that in this case there
may be two types of coordination, such as the chelate (a) and
the bridge (b) complexes, shown as follows.

The infrared absorption spectra of the samples (Fig. 4)
show bands between 1300 and 990 cm−1, which are attributed
to the sulfate vibrational modes. Only the spectra of samples 1
and 2 are shown since the other sample spectra are practically
the same.

−1 s
i
t of
t
t and
a of
t lfate
b

a.

Fig. 5. Corrected infrared spectra of sample 1, after the introduction of pyri-
dine at: (a) 100◦C; (b) 200◦C and (c) 300◦C in the catalytic cell.

3.2.2. Pyridine adsorbed on sulfated TiO2
The infrared spectra of pyridine adsorbed on sulfated TiO2

(sample 1) at 100, 200 and 300◦C, are shown inFig. 5. The
raw reflectance spectra were corrected in order to eliminate
the rotational bands of water, present in the original spec-
tra. The spectrum of sulfated TiO2 before the adsorption of
pyridine was subtracted from the spectrum of the sulfated
TiO2/pyridine. The spectral subtraction was carried out with
the Grams 386 program.

Frequencies at around 1635, 1609, 1539, 1487 and
1447 cm−1 are observed in the spectra, which are charac-
teristic of pyridine adsorbed in acid sites. InTable 2, the fre-
quencies of adsorbed pyridine, together with the respective
assignment[1] (Lewis and/or Br̈onsted acid sites) are shown.

The proportion of Br̈onsted to Lewis acid sites can be
found from the relative intensity between the bands at
1540 cm−1 and at around 1450 cm−1, which are due to the
Brönsted and Lewis acid sites, respectively. InTable 3the ra-
tio of Brönsted acid sites/Lewis acid sites are shown, with the
intensities of the bands measured from their height. It can be
seen that samples 2 and 3a showed a higher ratio of Brönsted
acid sites/Lewis acid sites. It can also be seen that acid sites
are strong, since the pyridine is not desorbed even at higher
temperatures.

3
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A band at around 1220–1235 cmpresent for all sample
s attributed to asymmetric stretching of the bond and
he band at around 1130 cm−1 to the symmetric stretching
he bond. The band at around 1040 cm−1 is attributed
o the asymmetric SO bond. Samples 3 and 3a show a b
t around 980 cm−1 relating to the symmetric stretching

he S O bond. All of these bands are related to the su
ound to the metal oxide in the chelate form.

Fig. 4. Infrared spectra of sulfated TiO2: (a) sample 3 and (b) sample 3
.3. Raman spectra

The Raman spectra of sulfated TiO2 (Fig. 6) are characte
stic of the anatase crystalline form, with bands at 402–
13–518 and 633–645 cm−1. This crystalline form presen
reater catalytic activity for various reactions, due to the p

able 2
nfrared frequencies of pyridine adsorbed on the Lewis and Brönsted acid
ites

ample Coordinated pyridine
(Lewis acid site) (cm−1)

Pyridine ion
(Brönsted acid site) (cm−1)

1446 1488 1607 1539 1636
1447 1487 1609 1539 1635
1447 1488 1609 1541 1635

a 1446 1488 1608 1540 1635
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Table 3
Brönsted acid sites/Lewis acid sites ratio, obtained from the infrared spectra
of pyridine adsorbed on sulfated TiO2

Samples Temperature (◦C) Ratio of Br̈onsted acid
sites/Lewis acid sites

1 100 1.4
200 1.5
300 1.6

2 100 1.9
200 1.7
300 2.7

3 100 1.2
200 1.5
300 2.1

3a 100 1.9
200 2
300 3.2

ence of a greater number of vacant sites at the surface, in
comparison to the rutile crystalline form[22].

The Raman spectra for samples 1 and 2 are very intense,
indicating that the samples have a high degree of crystallinity.
Comparing the spectra of samples 3 and 3a it can be observed
that the latter has more intense bands, indicative of its higher
degree of crystallinity, which can be explained by the fact that
sample 3a has been calcined which enabled the formation of
the anatase phase to a greater extent than in sample 3, which
was not calcined.

3.4. Specific surface areas and average pore diameters

The adsorption/desorption isotherms and the graphs of
the distribution of the average pore diameters are seen in
Figs. 7 and 8, respectively. The results of the specific surface
area, volume and average pore diameter, obtained from the
BET and BJH analyses are shown inTable 4. All of the sam-
ples can be classified as mesoporous materials (pores between
20 and 500̊A).

F line at
6

Fig. 7. Adsorption/desorption isotherm.

Fig. 8. Distribution of average pore diameters, based on the BJH method:
(a) sample 1; (b) sample 2; (c) sample 3 and (d) sample 3a.

The samples with largest specific surface areas are sam-
ples 2, 3 and 3a. The sample with the greatest maximum
average pore diameter is 3a, however, it is possible to verify
that sample 2 has a shoulder, which extents into the pore di-
ameter region above 40̊A, which did not occur with the other
samples.

It may be verified that the average pore diameter results
show a correlation with the results for the determination of
acid sites by infrared spectroscopy. Sample 3a, with the great-
est average pore diameter and sample 2, with the greatest

Table 4
Specific surface area and distribution of average pore diameters

Samples Specific surface
area (m2/g)

Average pore
diameter (̊A)

Pore volume (cm3/g)

1 86 36 0.152
2 106 38 0.178
3 256 36 0.266
3a 220 48 0.351
ig. 6. Raman spectra of samples 1, 2, 3 and 3a, excited by the

32.8 nm.
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Fig. 9. n-Hexane conversion (%) at 100◦C.

concentration of average pore diameters above 40Å were
also the ones which showed a higher ratio of Brönsted acid
sites/Lewis acid sites.

3.5. Catalyst tests

3.5.1. n-Hexane isomerization reaction at 100◦C
The conversion ofn-hexane (%) is shown inFig. 9. In

Table 5the values for then-hexane conversion and selectivity
(%) for the isomerization and cracking products are shown.

It can be seen that the samples which showed higher cat-
alytic activity were samples 2 and 3a, whereas sample 3
showed relatively low activity and sample 1 did not show
any activity.

Comparing samples 1 and 2, which differ in the order of
H2SO4 addition in the material preparation, only sample 2, in
which H2SO4 was added in the pre-hydrolysis stage, showed
activity. Between samples 3 and 3a, which differ in the pre-
vious thermal treatment, sample 3a, which was calcinated,
showed greater activity.

Comparing the various physical properties measured, it
was found that the more active samples (2 and 3a) were those
with a greater Br̈onsted acid site/Lewis acid site ratio and a
greater average pore diameter or a concentration of pore di-
ameters above 40̊A. Another interesting fact is that the sam-
p ich
s (be-
l e of

T
C
i

g

Fig. 10. n-Hexane conversion (%) at 200◦C.

one type of sulfate, more weakly bound, is necessary, which
should be present in a site with higher acidity than the sulfate,
more strongly bound, which is lost at a higher temperature.
As previously mentioned, similar results have already been
observed for sulfated ZrO2 prepared by the sol–gel method
[13] and also for sulfated TiO2 prepared by impregnation
[8].

3.5.2. n-Hexane isomerization reaction at 200◦C
From the graphs of then-hexane conversion (%) (Fig. 10)

and the selectivity for isomers and cracking products (Table 6)
it is possible to verify that: (i) at a higher temperature all
samples showed catalytic activity, even sample 1, which was
inactive at a lower temperature, although its activity was very
low; (ii) the catalytic activity of all samples investigated in-
creased in relation to the reaction at 100◦C; (iii) despite the
activity increase, the selectivity for isomerization decreased,
there being a predominance of cracking products at the be-
ginning of the reaction, only with the reaction running does
the predominance of isomerization products start for some
samples; (iv) samples 2 and 3a continued to be the samples
with higher catalytic activity.

Another fact which can be observed is the relatively rapid
deactivation, greater than that observed for the reaction at
100◦C, probably due to the deposition of coke, formed from
t e the
c eac-
t

T
C
i

S

g

1
2
3
3

les which showed activity (high or low) were those wh
howed a peak of sulfate loss at a lower temperature
ow 600◦C). This latter result indicates that the presenc

able 5
onversion and selectivity (%) of sulfated TiO2 samples for then-hexane

somerization reaction at 100◦C

Samples n-Hexane conversion (%) Selectivity (%)

Isomerization Crackin

1 – – –
2 19 100 0a

3 9 100 0
3a 17 100 0

a Formation of cracking products during the reaction.
he cracking products. Since at this higher temperatur
racking products predominate at the beginning of the r
ion, the formation of coke should also be favored.

able 6
onversion and selectivity (%) of sulfated TiO2 samples for then-hexane

somerization reaction at 200◦C

amples n-Hexane conversion (%) Seletivity (%)

Isomerization Crackin

5 30 70
37 0a 100
12 18 82

a 47 10 90
a Formation of cracking products during the reaction.
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4. Conclusions

The variations in the preparation of the sulfated TiO2 cat-
alyst by the sol–gel method caused significant changes in the
physico-chemical properties of the catalyst, such as chemi-
cal composition, structure, thermal stability, nature of the acid
sites, specific surface area and average pore diameter. These
properties are of extreme importance to an understanding of
the relation between structure and catalytic activity.

The sample that showed the greatest catalytic activity in
then-hexane isomerization reaction at 100◦C was that whose
preparation involved the addition of concentrated sulfuric
acid in the pre-hydrolysis stage. It was found that the ther-
mal treatment of the sample at the highest temperature after
preparation, causes an increase in catalytic activity.

In the thermogravimetric analysis the samples which were
active showed one of the sulfate loss peaks at around 580◦C.

In the Raman spectra it was observed that all of the
samples showed bands characteristics of an anatase crys-
talline form. The absorbtion spectra in the infrared showed
bands attributed to sulfate bound to the metal oxide in the
chelate form. In the infrared spectra of adsorbed pyridine the
most active samples showed a higher ratio of Brönsted acid
sites/Lewis acid sites.

The samples with greater catalytic activity showed a
g e
p

c ver-
i wer,
b
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metric analysis and Dr. Antoninho Valentini for the specific
surface area and average pore diameter analysis. The authors
are also grateful to Laboratório de Espectroscopia Molecu-
lar (IQUSP, S̃ao Paulo) for the use of the BOMEM DA3.16
FTIR and the Renishaw Raman System 3000 and to Professor
Oswaldo Sala for the helpful discussions.
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ore diameter distribution above 40Å.
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