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Abstract

Sulfated titania samples with varying amounts of sulfate have been prepared by solid—solid kneading, as well as agueous
impregnation method, and are characterized using X-ray diffraction (XRD), FT-IR and N, adsorption—desorption isotherm.
Surface area, average pore diameter and total pore volume are found to increase with the increase in sulfate content up to 7.5
wt.%, and thereafter decreases. Alkylation of aromatic compounds (benzene, toluene and chlorobenzene) with isopropanal is
carried out in a fixed-bed flow reactor over these catalysts as a function of benzene to isopropanol molar ratio, reaction
temperature, wt.% and source of sulfate ion. Among all the catalysts, the sample with 7.5 wt.% sulfate loading prepared
from H,SO, impregnation exhibits highest selectivity and yield towards akylation of aromatic compounds to their
corresponding isopropylated products. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalyzed aromatic akylation is a very im-
portant industrial process and would become
even more so if the noxious homogeneous cata-
lysts in current use, which are sources of pollu-
tion, industrial hazard and equipment corrosion
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[1-3], could be replaced by a noncorrosive solid
acid catalyst. The akylation of benzene with
isopropanol or propylene to produce cumene is
widely used in petrochemical industries because
cumene is an important chemical intermediate
mainly used for the production of phenol and
acetone [4]. However, in general, akylated ben-
zene is in demand in chemical industry. In the
recent year, attempts were made to replace the
AICl ;-based process with solid acid catalyst
[5,6]. Wang et al. [7] and Kim et a. [8] studied
mostly zeolite-based catalysts in the gas phase
reactions due to its shape selective nature. Al-
though these catalysts are used to catalyze the

1381-1169,/00/% - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S1381-1169(99)00424-0



268 SK. Samantaray et al. / Journal of Molecular Catalysis A: Chemical 156 (2000) 267-274

reaction, no major commercial process is yet in
operation, due to the rapid aging of zeolite
catalysts. Transition metal salts supported clay
[9], solid phosphoric acid on silica [10] and
calcined hydrotalcites [11] catalysts are aso
studied to catalyze this reaction.

It is also well documented that sulfated metal
oxide can be used as solid acid catalyst due to
their high acid strength. More recently, increas-
ing application for these sulfated metal oxide
solid acid are being found in heterogeneous
catalysts, for a wide variety of applications,
such as hydrocarbon isomerisation [12], nitra
tion [13], reduction [14] and akylation [15].
However, use of sulfated titania in these reac-
tion islimited [16]. Moreover, it is well reported
that the source sulfate ion and the method of
preparation also play a significant role in the
catalytic activity of the catalyst [16].

Therefore, in the present paper, we have
attempted to study the physico-chemical be-
haviour and catalytic activity of sulfated titania
prepared by different methods and varying the
source of sulfate ion towards the gas phase
alkylation of benzene and substituted benzenes
using isopropanol as the akylating agent.

2. Experimental

2.1. Materials and methods

Hydrated titania was precipitated at pH =7
by adding 1:1 ammonia to the stirred aqueous
solution of titanium tetrachloride. Obtained gel
was filtered and washed repeatedly to remove
Cl~ (negative AgNO, test), dried at 373 K,
powdered and kept for the sulfate impregnation.
A series of sulfated titania samples were pre-
pared, using (NH,),SO, as the source of sulfate
ions, by solid—solid kneading method followed
by slow heating at the rate of 283 K min~—! up
to 773 K for 3 h. The other series of sulfated
titania samples were prepared by agueous im-
pregnation method using dilute H,SO,. The

suspended mass was evaporated to dryness on a
hot plate while dtirring, dried at 393 K and
calcined a 773 K for 3 h in a muffle furnace.

3. Characterisation
3.1. Powder XRD

The XRD patterns of all the samples were
recorded on a Philips (model: 1710) semiauto-
matic diffractometer using a Cu-K, radiation
source and Ni filter in the range of 26 = 6—70°
at a scanning speed of 2° min~!. The instrument
was operated at 40 kV and 20 mA. The average
crystallite size (L) of the particle was deter-
mined by XRD line broadening technique using
a Scherrer equation,

L = 0.94A /bcosé (1)

where A is the wavelength of X-ray used and b
is the relative peak broadening, calculated as
b?= b2, — b, where b,, and b are half-
widths observed on a given sample and on a
reference material, which is idealy crystalline,
respectively.

3.2. FT-IR study

IR spectra of the samples were recorded with
a Perkin-Elmer (model-Paragon 500) FT-IR
spectrometer in the range of 4000-400 cm™* on
KBr phase. All the samples were degassed at
383 K in vacuum (1 x 10~ * Torr) before analy-
sis.

3.3. Textural properties

Surface area (BET), total pore volume, aver-
age pore diameter, and pore size distribution
were determined by the N, adsorption—desorp-
tion method at liquid nitrogen temperature using
Quantasorb (Quantachrome, USA). Prior to ad-
sorption—desorption measurements, the samples
were degassed at 393 K at 10~ Torr for 5 h.
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3.4. Qurface acidity

Surface acidity was determined spectrophoto-
metrically on the basis of irreversible adsorption
of organic bases (Fluka, Switzerland), such as
pyridine (PY, pK,=5.3), morpholine (MOR,
pK,=8.3), and piperidine (PP, pK,= 11.10)
[17]. In this method, adsorption experiment was
carried out in a 50-ml stoppered conical flask
taking 10 ml of each freshly prepared adsorbate
solution, along with 50 mg of sample preheated
at 393 K. The concentration range for each
adsorbate was varied from 0.005 to 0.01 mol
dm~2 in cyclohexane (Merk). While adsorption
was taking place, the flasks were shaken con-
stantly. After 2 h, the contents were filtered and
absorbance of the filtrates was measured at
preset wavelengths. For all cases, the sorption
experiments were carried out in the adsorbate
concentration range where Beer—Lambert’s law
is valid. The time required to reach equilibrium
at 298 K was checked for al of the samples and
was never found to take more than 1 h. All the
absorbance measurements were carried out with
a Chemito 2500 recording UV —visible spectro-
photometer using 10-mm matched quartz cells.

The chemical interaction between the adsor-
bate and the sample may be described by the
Langmuir adsorption isotherm,

C/X=1/bX_+C/X_ (2)

where C is the concentration of organic sub-
strate in solution in equilibrium with the ad-
sorbed substrate, b is a constant, X is the
amount of adsorbed substrate, and X, is the
monolayer coverage, which corresponds to the
theoretical amount of solute required to cover
al the active sites for base adsorption.

3.5. Catalytic activity

Alkylation of benzene and substituted ben-
zenes with isopropanol were studied in a mi-
cropulse catalytic reactor (Sigma, India) with
online GC. Prior to the reactions, all the cata-
lysts were preheated in nitrogen atmosphere at

573 K for 1 h. The volume of each pulse
(mixture of benzene or substituted benzenes and
isopropanol) was maintained at 1 wl. Products
were analysed by the gas chromatograph using
10-ft SS column with 10% TCEP.

4. Results and discussion

All the samples calcined at 773 K exhibit
only anatase phase XRD pattern (Fig. 1), irre-
spective of the source and % of loading of
sulfate ion. There is no indication of formation
of titanium sulfate in any one of the samples;
even in 10 wt.% SOZ2~ impregnation. To de-
velop a better understanding of formation and
crystalization in the presence of sulfate ion, the
average crystallite size (L) perpendicular to the
210 plane was calculated from XRD patterns of
pure titania, as well as sulfate modified titania,
and is represented in Table 1. It shows that the
crystallite size of titania decreases in the pres-
ence of sulfate ion, irrespective of the percent-
age of sulfate loading. This indicates that the
crystallinity is more or less dependent on the
presence of sulfate ion, but not on the percent-
age of sulfate loading. The crystalite size de-
creases in the presence of sulfate ions as SO; -
species could possibly interact with TiO, net-
work and, thus, hinder the growth of the parti-
cle. Even a very small amount of SOZ~ species
is responsible for this effect. Therefore, the
change in sulfate concentration did not change
the crystallite size further. This type of effect is
also observed in PO?~ [18,19] and WO, [20,21].
Therefore, it is assumed that the small amount
of sulfate speciesis responsible for the lowering
of crystalite size.

Infrared spectra of sulfated metal oxides gen-
eraly show a strong absorption band at 1381
cm~ !, and broad bands at 1250-1100 cm*
(Fig. 2). The 1381 cm™* peak is the stretching
frequency of S=0O, and the 1250-1100 cm !
peaks are the characteristic frequencies of SOZ~.
The broad bands at 1250—1100 cm™* resulted
from the lowering of the symmetry in the free
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Fig. 1. Powder XRD patterns of sulfated titania samples (1) TiO,, (2) 25802~ /TiO,, (3) 7.5502~ /TiO,, (4) 7.550; /TiO, (H)*.

SOz~ (Td point group).When SO?~ is bound to
the titania surface, the symmetry can be lowered
to either C,, or C,, [22]. Here, the band that
split into three peaks (1221, 1119, 1026 cm™ 1)
were assigned to the bidentately bound sulfate
ion (C,, point group). The bands at 1630 and
3430 cm~! correspond to the bending and
stretching of OH group of water molecules oc-
cluded in the sample, respectively.

Table 1
Textural parameters of sulfated titania
(H)* indicates H,SO, impregnated samples.

It is observed that an increase in sulfate
loading increases the surface area up to the
sulfate loading of 7.5 wt.%. Further increase in
sulfate loading to 10 wt.% resulted in a decrease
in surface area (Table 1).

The trend remains the same irrespective of
the source of sulphate ion. Similar trend is also
maintained in case of the pore volume for both
the series of materials. Therefore, the presence

Sample code SOZ™ (wt.%) Sser (M2/Q) Total pore Average pore Crystallite
volume (cm®/g) diameter (A) size (nm)
TiO, 0 57.0 0.09 67.00 16.13
2.550}7/Ti02 25 73.9 0.13 61.78 7.08
5.0505’/Ti02 5.0 74.4 0.18 65.56 —
7.550}7/Ti02 7.5 94.5 0.22 74.56 6.8
10.0S02~ /TiO, 10.0 84.6 0.20 62.12 -
255027 /TiO, (H)* 25 75.2 0.14 64.10 -
5.0S07" /TiO, (H)* 5.0 81.2 0.20 70.20 -
7.550}7/Ti O, (H)* 75 108.5 0.23 80.92 6.5
10.0S02~ /TiO, (H)* 10.0 91.0 021 72.20 -
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Fig. 2. FT-IR spectraof (1) TiO,, (2) 25802~ /TiO,, (3) 7.5807 /TiO,, (4) 7.5807~ /TiO, (H)*.

of low amount of sulfateion (< 7.5 wt. %) may
be responsible in the formation of porous net-
work. It has been shown [12,23] that, in sulfated
metal oxides, some of the hydroxyl bridges
originally present in dried uncalcined and unsul-
fated titania replaced the sulfate ions. On calci-
nation, the formation of oxy bonds takes place,
and results in changes in the Ti—O—Ti bond
strength due to attachment of the sulfate bridges.

Thus the changes in the Ti—O—Ti bond
strength may be responsible for the formation of
porous network. Conseguently, the increase in
surface area with an increase in sulfate loading
up to 7.5 wt.% appears is due to the stabilizing
effect of the sulfate ions. However, the plugging
of more pores may have occured with higher
sulfate loading resulting in a reduction of total
pore volume to some extent and also decreasein
surface area [12].

N, adsorption—desorption isotherm of all the
samples are nearly of the same type, and can be
included in the type IV or Il of the BDDT
classification [24], indicating the presence of
mesopores in the material. Assuming the pores
are cylindrical, the average pore diameter is
caculated using the formulaa d= 4Vp/Sp,
where, d is the average pore diameter, Vp is the

pore volume, and S, is the specific interna
surface area of the pores. Average pore diame-
ter is found to be in the same range, irrespective
of sulfate concentration and source of sulfate
ion. Thisis also supported by the mesopore size
distribution curve (Fig. 3), calculated by BJH
equation [25].

a1
AV/Or (mig' AY)
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Fig. 3. Distribution of pore size as a function of pore radius of (.)
7.5802" /TiO,, (+) 7.5802" /TiO, (H)*.
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Table 2
Acid sites of sulfated titania samples
(H)* indicates H,SO, impregnated samples.

Sample SO2™ (Wt.%) Acidity (wmol /gm)
PP (pK,=111) MOR (pK, = 8.33) Py (pK,=5.3)

Tio, 0 220 182 120
255027 /TiO, 25 382 287 225
5.0S802~ /TiO, 5.0 485 322 233
75502~ /TiO, 75 622 425 280
10.0S0Z~ /TiO, 10 443 341 205
7.550%~ /TiO, (H)* 75 681 522 303
10.0S0Z~ /TiO, (H)* 10.0 455 345 221

The total acidity measured by the adsorption
of PP, strong acid sites by PY, and moderate
acid sites by MOR, gradually increased with
increased sulfate loading of up to 7.5 wt.%, and
thereafter decreases on further addition (Table
2). This indicates that all types of acid sites are
present in SO~ /TiO,. The initia increase in
surface acidity, with an increase in sulfate load-
ing of up to 7.5 wt.%, may be due to sulfate
monolayer formation. The decrease in the sur-
face acidity at high sulfate concentrations is
probable due to the formation of polysulfate,
which decreased the number of Bronsted sites
and consequently that of total acid sites [12]. It
is observed that sulfated samples prepared using
sulfuric acid exhibit higher acidity compared to
the samples prepared using (NH,),SO,. It is
reasonable to assume that during the preparation
procedure, the agueous sulfuric acid protonates
al types of titania hydroxyls by an acid-base
reaction:

+
> Ti-OH + H,SO,(aq) ’—»>Ti'0”/
" H-—-08(0),(OH)

However, sulfate of ammonium sulfate by
solid—solid kneading method undergoes interac-
tion with all types of basic hydroxyls to a
smaller extent resulting in less acidity compared
to sulfate of sulfuric acid by agueous impregna-
tion method. Similar observations have been

reported earlier in case of SO7~ [26] and PO;~
[27] on aumina.

From the preliminary study, it was found that
7.5 wt.% sulfate-loaded samples of both the
series exhibit highest conversion of benzene to
cumene. The highest conversion may be due to
its high surface area. So, for a detailed investi-
gation, only 7.5 wt.% sulfate-loaded samples
were used. Alkylation of benzene with iso-
propanol was studied at various benzene to
isopropanol molar ratio with varying tempera-
tures in the range 453-523 K. Benzene conver-
sion increases with the increase in temperature

80

—&— Cumene
60 + —&—Propene

Yield (Mol%)
B
(=)

20 +

453 473 493 513 533
Temperature (K)

Fig. 4. Variation of product selectivities of akylation of benzene
with respect to temperature over 7.5S02~ /TiO, (H)* at benzene
to isopropanol molar ratio of 10.
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up to 493 K, and thereafter decreases (Fig. 4).
However, the isopropanol conversion increases
with the increase in temperature even above 493
K.

Fig. 4 indicates that the propene formation is
very low within 493 K, but suddenly increases
after reaching 493 K. This implies that above
493 K, isopropanol directly dehydrates to
propene, thus, decreasing the cumene formation.
Benzene to isopropanol molar ratio aso plays
an important role in deciding the product selec-
tivity (Fig. 5). Particularly, the product selectiv-
ity was found to be highest at the benzene to
isopropanol molar ratio of 10.

The catalytic behaviour of sulfated titania
towards the Friedel—Crafts akylation reactions
was aso studied by a series of substituted ben-
zenes (Fig. 6). Interestingly, it was found that
the akylation is highest with benzene and low-
est with chlorobenzene. In general, methyl sub-
stitution enhances the rate of alkylation reac-
tion. So, with toluene, highest conversion is
expected than with benzene. However, we found
the reverse order; the yield of alkylated product,
in the case of benzene, is dlightly higher than
toluene over the sulfated catalysts. Mostly, the
toluene akylation gives the para substituted
product, which may be due to the steric factor,
thus prohibiting the ortho substitution. This is

70

60 +

50 +

40 +

30 +

20 +

Cumene formation (mol%)

0 2 4 6 8 10 12
Benzene : Isopropanol

Fig. 5. Effect of benzene to isopropanol molar ratio on the cumene
formation over 7.5S02~ /TiO, (H)* at 493 K.

7.5 SO42-/TiO2(H)
7.5 SO42-/Ti02

Product (mol %)

Toluene Cl.benzene

Reactants

Benzene

Fig. 6. Variation in alkylated product with the variation in reac-
tants over both the sulfated titania prepared from different meth-
ods.

because the rate of toluene alkylation seems to
be limited in medium-pore catalyst by reagent
diffusion inside the crystal volume. If this is
true, the extent of alkylation (% of conversion)
will depend on the diffusion coefficient of aro-
matic hydrocarbon, and should follow the order
[28]: benzene > toluene > p-xylene > ethyl ben-
zene > me-xylene > o-xylene.

5. Conclusions

In the akylation of benzene with iso-
propanol, sulfated titania prepared from sulfuric
acid showed better activity and selectivity over
titania modified with ammonium sulfate. The
decrease in the yield of alkyl-substituted ben-
zene above 493 K is the consequence of the
preferential  dehydration of isopropanol over
akylation reaction. Catalytic proficiency was
found to be dependent on sulfate ion concentra-
tion in the catalyst, and on the benzene to
alcohol molar ratio.
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