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Synthesis and characterization of nano-crystalline sulfated
zirconia by sol–gel method
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Abstract

Synthesis of nano-crystalline sulfated zirconia with crystallite size less than 20 nm using the one-step as well as the two-step sol–gel
technique was carried out. Tetragonal phase of sulfated zirconia was obtained on calcination at 600◦C. All the sulfated zirconia samples were
found to be active for benzylation of toluene showing 26–41% conversion of toluene, however, samples prepared by the one-step method
showed higher conversion (33–41%) as compared to the samples prepared by the two-step method (26–28%). Furthermore, in the one-step
m er sulfur
l ene.
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ethod, the introduction of sulfuric acid prior to hydrolysis, results into improved structural and textural properties in terms of high
oading, smaller crystallite size, higher surface area, average pore diameter and higher catalytic conversion for benzylation of tolu
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. Introduction

Sulfated zirconia is reported to possess super acidity and
old potential for catalyzingn-alkane isomerisation at am-
ient temperature[1,2] and other commercially important
rganic transformations like acylation, alkylation and nitra-

ion [3]. However, catalytic activity of sulfated zirconia is
trongly influenced by the method of preparation[3–5], as the
tructural and textural features of the catalyst responsible for
he catalytic activity are affected by the synthetic strategies
sed.

Sulfated zirconia has generally been prepared by conven-
ional precipitation of an aqueous zirconium salt as well as
n alternate method like the sol–gel technique. Both the pre-
ipitation and the sol–gel technique may result in the forma-
ion of nano-crystalline zirconia[6–8]. However, the latter
s advantageous[9–11] due to its ease in controlling the ho-

ogeneity and physical characteristics during synthetic steps

∗ Corresponding author. Tel.: +91 278 2471793;
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of the process to form genuinely nano-crystalline mater
Furthermore, a nano-crystalline material may have a s
effect on catalytic properties due to large surface-to-vol
ratio [12]. An application of nano-crystalline sulfated zirc
nia as a catalyst or catalyst support is promising and w
exploring due to high acidity of these solids.

The sol–gel technique can proceed by the two-step o
one-step process. In general, the two-step method is
common and involves the formation of a sol by the hyd
ysis of the metal alkoxide and a three-dimensional netw
gel of zirconium hydroxide after condensation in the
step. This is followed by the sulfation with sulfuric acid
ammonium sulphate in the second step. However, in the
step process, hydrolysis and sulfation is done simultane
[13,14]. Various parameters involved during the synthes
a gel affect its structural and textural features. In our pr
ous study[15], we reported the effect of different param
ters, such as concentration of precursor, drying temper
and calcination temperature on the structural, textural
catalytic properties of sulfated zirconia prepared by the
step sol–gel technique. The present paper reports the
E-mail addresses:rvjasra@csir.res.in, salt@csir.res.in (R.V. Jasra). thesis of nano-crystalline sulfated zirconia by the one-step
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sol–gel technique. The effect of the order of introduction of
sulfating agent (sulfuric acid) and hydrolyzing agent (wa-
ter) to the zirconiumn-propoxide precursor was also studied.
For comparison, samples were also prepared by the two-step
method in basic as well as neutral medium. The structural
(crystallinity, binding of sulfate ions and average crystallite
size) and textural (surface area, pore volume and pore size dis-
tribution) properties of thus prepared sulfated zirconia were
studied. The catalytic activities of the catalysts were evalu-
ated for the benzylation of toluene using benzyl chloride as
benzylating agent and correlated with structural and textural
parameters.

2. Experimental

2.1. Materials

Zirconium n-propoxide [Zr(OC3H7)4], 70 wt.% in
propanol, was procured from Sigma–Aldrich; concentrated
H2SO4, 1-propanol, aqueous ammonia (25%), toluene and
benzyl chloride were from SD Fine Chemicals, India and
were used as such.
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2.3. Characterization

2.3.1. X-ray powder diffraction (XRD) studies
The crystalline phase formed and the crystallinity of sul-

fated zirconia after calcination at 600◦C was measured by
X-ray powder diffractometer (Philips X’pert) using Cu K�
radiation (λ = 1.54056Å). The samples were scanned in 2θ

range of 0–70 degree at a scanning rate of 0.04 degree s−1.
Crystallite size of tetragonal phase was determined from the
characteristic peak (2θ = 30.18 for the (1 1 1) reflection) by
using Scherrer formula with a shape factor (K) of 0.9[16] as
below:

Crystallite size= K
λ

W
cos θ

where,W = Wb−Ws; Wb is the broadened profile width of
experimental sample andWs is the standard profile width of
reference silica sample.

2.3.2. FT-IR spectroscopic studies
The nature of bonding of sulfate ions with zirconia surface

after calcination at 600◦C was studied by FT-IR spectropho-
tometer (Perkin-Elmer GX). The spectra were recorded in the
range 400–4000 cm−1 with a resolution of 4 cm−1 as KBr
pellets. Diffuse reflectance IR spectra of the samples, after in
situ heating at 450◦C for determining the nature of sulfate
s T-IR
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.2. Catalyst preparation

Sulfated zirconia (SZ) samples were prepared by the
tep as well as the two-step sol–gel technique. In the
tep method, addition of sulfuric acid was done by two w
14]: (i) an aqueous solution of concentrated sulfuric
as added drop wise into the 30 wt.% solution of zircon
ropoxide in propanol, and (ii) concentrated sulfuric a
as added to the 30 wt.% solution of zirconium propoxid
ropanol—water was then added drop wise to complet
ydrolysis. The samples thus prepared are named as
nd SZ-2, respectively.

In the two-step procedure, hydrolysis of zirconi
ropoxide (30 wt.% solution) was done in alkaline med
ith aqueous ammonia at pH 9–10 followed by drying

he resulting Zr(OH)4 gel at ambient temperature and the
10◦C in the first step. This was followed by sulfation w
onentrated H2SO4 (0.5 M, 15 ml/g) in the second step. T
ample is named as SZ-3.

As the one-step preparation of sulfated zirconia is in a
edium and the two-step preparation is in alkaline med

o study the effect of the neutral medium, sulfated zirc
ample was also synthesized in the neutral medium. Sy
is in the neutral medium is only possible by following
wo-step method, where hydrolysis was done alone with
er. The sulfation procedure was similar to that followed
ample prepared in alkaline medium, as described above
ample is named as SZ-4. All the samples thus prepared
ried at ambient temperature and then at 110◦C for 12 h afte
ltration followed by calcination at 600◦C for 2 h in a muffle
urnace in air atmosphere.
pecies formed on zirconia surface, were studied by F
pectrophotometer equipped with ‘The Selector’ DRIFT
essory (Graseby Specac, P/N 19990 series) and Auto
emperature Controller (Graseby Specac, P/N 19930 se
he spectra of the samples, diluted with KBr (similarly a
Br pellets), were recorded at room temperature and af
itu heating at 450◦C at a heating rate of 25◦C min−1. The
amples were kept at 450◦C for 30 min, thus allowing su
cient time for water vapour desorption. Typically 30 sc
ere co-added at a resolution of 4 cm−1 under dry N2 flow

30 cm3 min−1).

.3.3. Sulfur analysis
The bulk sulfur (wt.%) retained in sulfated zirconia sa

les before and after calcination at 600◦C was analyzed b
H N S/O elemental analyzer (Perkin-Elmer 2400, Sr I

.3.4. Surface area and pore size distribution
Specific surface area, pore volume and pore size d

ution of sulfated zirconia samples calcined at 600◦C were
etermined from N2 adsorption–desorption isotherms at 7
ASAP 2010 Micromeritics). Surface area was calculate
sing BET equation; pore volume and pore size distribu
ere calculated by BJH method[17]. The samples were d
assed under vacuum at 120◦C for 4 h, prior to adsorptio
easurement to evacuate the physisorbed moisture.

.3.5. Catalytic activity for benzylation of toluene
The catalytic activity of the sulfated zirconia samples

ared was evaluated for the benzylation reaction of tol



M.K. Mishra et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 61–65 63

by benzyl chloride in liquid phase. In a single neck round
bottom flask, toluene and benzyl chloride were taken in 1:1
molar ratio, and the catalyst (activated at 450◦C for 2 h) in
10:1 weight ratio with the substrate, was added to the mix-
ture. The reaction was carried out at 100◦C with continuous
stirring at 400 rpm under nitrogen atmosphere. In our previ-
ous study[15] we have observed that 4 h is the optimum time
to get maximum conversion for benzylation of toluene with
sulfated zirconia prepared by the two-step sol–gel method.
Therefore, in the present study we analyzed the reaction mix-
ture after 4 h by Gas Chromatography (HP6890) having HP-5
capillary column (30 m length and 0.32 mm diameter packed
with silica acetate) and FID detector. Oven temperature was
programmed from 50–200◦C, and N2 (0.5 ml min−1) was
used as a carrier gas. The conversion was calculated on the
basis of weight percent of substrate; the initial weight per-
cent of toluene was divided by initial area percent (of GC) to
get the response factor, which is multiplied with area percent
after reaction, to get final weight percent of toluene remained
after reaction. The conversion was calculated as follows:

%Conversion= 100×
[

initial wt.% − final wt.%

initial wt.%

]

3. Results and discussion
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3.1.2. FT-IR studies
The FT-IR spectra of sulfated zirconia sample (SZ-2) cal-

cined at 600◦C (Fig. 2a) showed the IR bands of SO4
2−

group in the region of 1200–900 cm−1, with peaks at 1242,
1142, 1073, 1045 and 998 cm−1, characteristic of inorganic
chelating bidentate sulfate, which are assigned to asymmet-
ric and symmetric stretching frequencies of SO and S O
bonds[18]. The partially ionic nature of the S O bond is
responsible for the Bronsted acid sites in sulfated zirconia
samples[15]. A broad peak at around 3400 cm−1 and an in-
tense peak at 1632–1628 cm−1 (not shown inFig. 2a) were
also observed and were attributed to the�O H stretching and
�O H bending mode of water, respectively, associated with
zirconia and sulfate group. Similar spectra were obtained for
SZ-1, SZ-3 and SZ-4 samples.

DRIFT spectra of dehydrated sample (SZ-2) after in situ
activation at 450◦C under N2 atmosphere shows a band at
1405 cm−1, characteristic for covalently bonded SO group,

Fig. 2. (a) FT-IR spectra of SZ-2 at ambient temperature, and (b) DRIFT
spectra of SZ-2 after in situ activation at 450◦C.
.1. Structural properties

.1.1. Crystalline phase and crystallite size
X-ray diffraction pattern of sulfated zirconia samples,

er calcination at 600◦C (Fig. 1), showed the presence
nly tetragonal phase with 2θ = 30.18 [(1 1 1) reflection
0.2 and 60.2 in all the samples. Crystallite size determ

rom X-ray diffraction data (Table 1) showed that all sulfate
irconia samples, prepared by the one-step as well as th
tep sol–gel technique, were of nano-crystalline nature
rystallite size in the range of 11–16 nm. The crystallite
f SZ-2 (11 nm) is lower than SZ-1 (14 nm) in the one-s
reparation, and SZ-3 (11 nm) is lower than SZ-4 (16 nm

he two-step preparation.

ig. 1. X-ray diffraction pattern of SZ samples; (i) SZ-1, (ii) SZ-2, (iii) SZ
nd (iv) SZ-4.
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Table 1
Characterization of sulfated zirconia

Sample
code

Crystalline
phase

Crystallite
size (nm)

Surface area (m2/g) Pore volume
(cm3/g)

Pore size
(Å)

Sulfur (%) before
calcination

Sulfur (%) after
calcination (600◦C)

SZ-1 T 14 101 0.152 58 3.49 1.3
SZ-2 T 11 118 0.190 62 3.78 1.6
SZ-3 T 11 101 0.087 35 4.35 1.4
SZ-4 T 16 81 0.081 42 5.23 1.3

which display Lewis acid sites in sulfated zirconia samples
[18]. Similar spectra were obtained for SZ-1, SZ-3 and SZ-
4 samples. It shows that removal of water molecules brings
S O double bond character in sulfate group. The peak area
of 1405 cm−1 band is in the range of 2.0–2.3 A cm−1 for
three (SZ-1, SZ-2 and SZ-3) samples, which shows the almost
similar Lewis acid character in these three samples. However,
the fourth, SZ-4, prepared in neutral medium shows higher
(3.0 A cm−1) peak area representing slightly higher Lewis
acid character. Furthermore, less intensity of 1405 cm−1 band
(2–3 A cm−1 peak area) reflects the presence of sulfate groups
predominantly as Bronsted acid sites.

3.1.3. Sulfur analysis
Table 1shows the data of sulfur analysis before and af-

ter calcination at 600◦C. It shows that the sulfur retained
after calcination was in the range of 1.3–1.6 wt.% in both
the one-step and the two-step processes; however, percent
loading was higher in one-step (36–42%) than in the two-
step (25–32%) samples. Sample SZ-2 showed the maximum
(42%) and SZ-4 showed the minimum (25%) of sulfur load-
ing after calcination at 600◦C.

3.2. Textural properties

zir-
c e
I ow-
e lative
p so-
p
0 ores

rms: (a

after the formation of monolayer. However, it is not sharp in
all the samples, which reflects that the pores are not of uni-
form size and have broad distribution. Hysteresis observed
for three samples (SZ-1, SZ-3 and SZ-4), is of type H2, ex-
cept sample SZ-2, which showed a broad hysteresis of type
H3, reflecting the presence of large mesopores, evidenced by
the highest pore volume (0.19 cm3/g) and the average pore di-
ameter (62̊A) and also the lack of well-defined pore structure
in this sample. The surface area calculated from adsorption-
isotherm using BET equation (Table 1) was in the range of
81–118 m2/g. Among all samples, SZ-2 has the highest sur-
face area, pore volume and pore size, and SZ-4 has the lowest
surface area. In general, one-step samples showed higher pore
volume and pore size as compared to two-step samples. The
pore size distribution in SZ-2 was observed to be very broad
from 20 to 120Å; however, in other three samples it ranges
from 20 to 60Å (Fig. 4). The peculiar textural properties of
SZ-2 clearly indicates the effect of the order of the intro-
duction of sulfuric acid prior to hydrolysis on the textural
property of sulfated zirconia.

3.3. Catalytic activity

Table 2shows the catalytic activity of the samples for the
benzylation of toluene. In general, samples prepared by the
o com-
p thesis
( SZ-2
s d in
t We
h ed
z ssed
N2 adsorption-isotherm at 77 K measured for sulfated
onia calcined at 600◦C (Fig. 3) was found to be of typ
V, which is generally observed for mesoporous solids. H
ver, there is a large increase in adsorption at higher re
ressure (p/p0) showing the presence of larger size me
ores in the samples. The inflection point at aroundp/p0 =
.4 shows the capillary condensation within the mesop

Fig. 3. N2 Adsorption–desorption isothe
 ) one-step samples, and (b) two-step samples.

ne-step method show higher conversion (33–41%) in
arison to the samples prepared by the two-step syn
26–28%). Furthermore, among the samples prepared,
hows higher catalytic activity, which may be explaine
erms of its different structural and textural properties.
ave observed[15] that benzylation of toluene with sulfat
irconia is catalyzed by ionic sulfur species. As discu
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Fig. 4. Pore size distribution: (a) one-step samples, and (b) two-step samples.

Table 2
Catalytic activity of sulfated zirconia for benzylation of toluene

Catalyst Conversion (wt.%)

SZ-1 33
SZ-2 41
SZ-3 26
SZ-4 28

Toluene:benzyl chloride = 1:1 M ratio; catalyst:toluene = 10:1 ratio-by-
weight; reaction temperature = 100◦C; reaction time = 4 h.

above, FT-IR data clearly shows that most of the surface sul-
fur is present as ionic species, i.e., as Bronsted acid sites. The
sample SZ-2 is observed to have higher sulfur loading com-
pared to other samples (Table 1). Furthermore, higher surface
area of SZ-2 (118m2/g) also leads to better dispersion of sul-
fur species on the surface of the sample. The higher average
pore diameter (62̊A) observed for SZ-2 may also facilitate
the easy diffusion of the reactants and the products from the
pores of the catalyst. Therefore, the higher catalytic benzyla-
tion activity of sample SZ-2 compared to other samples can
be attributed to its higher sulfur retention, higher surface area
along with larger average pore size diameter. Tichit[14] also
reported highern-hexane conversion with similarly prepared
sulfated zirconia by the one-step method in comparison to
others prepared by different routes.

4. Conclusion

Sulfated zirconia samples prepared by sol–gel technique
using the one-step as well as the two-step strategies, are nano
crystalline having tetragonal phase. Structural and textural
properties of samples prepared by both the methods are com-
parable; however, in the one-step method, sample prepared
by adding sulfuric acid in zirconium alkoxide precursor be-
f and
t all
c thus,
h that
t may

be considered a better technique in comparison to the com-
monly used two-step technique.
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