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Sulfated zirconia–titania and its transition metal doped compositions with 1.5 wt% iron, and 0.5 wt% manganese were

prepared and characterized for surface acidity, and activity towards benzene alkylation. Acidity measurement of the 600 �C
calcined samples showed that upon doping with Mn, the protonic acid strength of the material increased, whereas iron doping

decreased the strength of surface protons and followed the order Mn-SO2�
4 /ZrO2–TiO2 > SO2�

4 /ZrO2–TiO2 > Fe-SO2�
4 /ZrO2–

TiO2. Samples calcined at 110 and 600 �C were XRD amorphous. However, on calcination at 800 �C these samples showed

crystalline phases characteristic of ZrTiO4. The Mn doped catalyst also showed highest activity and improved catalyst stability

towards isopropylation of benzene. A good correlation between surface acidity and isopropylation activity was obtained. Increase

in acidity in case of Mn doped sample was attributed to the increased stability of the surface sulfate groups.
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1. Introduction

Sulfated zirconia has attracted much attention of
researchers [1–6] due to its high acidity and ability to
catalyze n-butane isomerization at low temperature. But,
its fast deactivation and small lifetime for hydrocarbon
isomerization reactions has prevented its direct use in
commercial processes. The recent research on sulfated
zirconia is mainly concentrated in understanding the
mechanism of deactivation and developing a more stable
catalyst with longer lifetime through impregnation of
different active components on its surfaces. The presence
of noble metal crystallites in sulfated zirconia catalyst
formulation enhances their activity and/or stability [7–9],
but their mode of accomplishing this effect has not been
well established. Since, platinum and other noble metals
are expensive, approaches have been made to use other
metals maintaining the equivalent activity and stability.
A new class of solid acid catalyst with iron and/or
manganese promoted sulfated zirconia has been reported
to have n-butane isomerization activity two to three
orders of magnitude more than that of sulfated zirconia
[10]. But, the actual cause of this huge increment in
isomerization activity upon doping with manganese and/
or iron is still not clear.

In addition to ZrO2, many other metal oxides such as
Fe2O3, TiO2 etc. when promoted with sulfate ions,
develop strong acidity and have been investigated for
several acid catalyzed reactions [4,11]. Though, the

literature on single metal oxides as acid catalysts is
abundant, only a few reports are available on the use of
mixed/complex metal oxides as acid catalysts, excepting
silica–alumina. Mixed oxides often show enhanced
acidity in comparison to the respective single metal
oxides [12]. Mixing of two oxides may modulate the
properties of the component oxides or generate new
active sites. The acidity of the mixed oxides is believed to
be resulting from the excess of negative or positive
charges caused by the bridged hetero metal–oxygen
bonds (MAOAM¢) [12]. In a mixed oxide containing
two different metals M and M¢ the degree of MAOAM¢
bond depends upon the degree of mixing of M and M¢.
In fact, the acidity, which is one of the most important
factors to determine the catalytic activity, depends upon
the mixing of two metal components through oxygen,
namely the homogeneity of the mixed oxide. In our
earlier communication, it was reported ZrO2–TiO2

mixed oxides containing 60 mol% Zr imparted highest
surface area with highest acidity [13]. This material
when sulfated also showed highest activity towards 2-
propanol dehydration. Indeed, ZrO2–TiO2 mixed oxide
possesses some interesting catalytic properties. They are
active for cyclohexene oxide isomerization to allyl
alcohols [14], dehydrogenation of ethyl benzene to
styrene [15,16], and dehydrocyclization of C6–C8 n-
parafins to aromatics [17]. Moreover, they have also
been tested as a support for platinum in the reforming of
n-hexane, and the selectivity of the sum of the cyclic and
aromatization reactions over ZrO2–TiO2 catalyst with a
50% content of each oxide, was found to be higher than
that of a commercial catalyst [18].
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In our earlier communication, we reported the
isopropylation of benzene to cumene using 2-propanol
as the alkylating agent over sulfated ZrO2–TiO2 mixed
oxide catalysts [19]. Though, this catalyst had very good
activity, the fast deactivation of alkylation sites was the
major concern. In this communication, the physico-
chemical and surface properties of pure and Mn, and Fe
doped sulfated ZrO2–TiO2 catalysts have been investi-
gated. A detailed study was performed to understand
acidity changes upon doping with Mn and Fe. Further-
more, these characteristics were correlated to their
isopropylation activities.

2. Experimental

2.1. Material preparation

ZrO2–TiO2 mixed oxide was prepared by co-precipi-
tation method taking ZrOCl2. 8H2O (Merck, 99%), and
TiCl4 (Spectrochem, AR) as the precursor materials and
sodiumdodecylsulfate as templating agent. The mixture
of acetyl acetone (BDH, LR), ethyl alcohol and ammo-
nium hydroxide (both from Merck) was stirred in a
stainless steel bomb reactor for about 10 min, and to
this required amount of sodiumdodecylsulfate (Sdfines
Chemicals, 99%) was added and stirred for another
10 min to get a clear solution. To this, required amount
of premixed ZrOCl2 and TiCl4 solution containing
60 mol% zirconium and 40 mol% titanium was poured
in a lot under vigorous stirring condition, and the
mixture was stirred for another 20 min. Then the basic
colloidal solution was charged inside a reactor for
hydrothermal reaction at 110 �C for 6 h (not stirred).
The precipitate was filtered, washed with deionized
water until it was freed from chloride ions (negative
AgNO3 test) and dispersed thrice in distilled ethanol. It
was then dried, initially at 60 �C for 5 h and then at
110 �C overnight. The dried gels were loaded with
10 wt% sulfate using 0.25 M H2SO4 solution and dried
overnight at 110 �C in an oven. For preparing Fe, and
Mn doped samples, the 110 �C dried powdered sulfated
sample was suspended in required amounts of 0.25 M
precursor salt (in their nitrate forms, BDH, AR)
solutions to maintain Fe, and Mn contents of 1.5 and
0.5 wt%, respectively. The solution was evaporated to
dryness under stirring conditions and dried at 110 �C for
overnight. These dried materials were calcined at differ-
ent temperatures (600 and 800 �C) for 3 h to prepare
SO2�

4 /ZrO2–TiO2, Fe–SO
2�
4 /ZrO2–TiO2 and Mn–SO2�

4 /
ZrO2–TiO2.

2.2. Characterization

2.2.1. X-ray powder diffraction
The crystallographic phase identification of the 600

and 800 �C calcined samples was carried out in an X-ray
powder diffractometer (Rigaku, Tokyo, Japan) using

FeKa radiation and fitted with graphite monochroma-
tor. The samples were scanned in the range of 2h ¼ 4�–
60� to record the spectra.

2.2.2. Nitrogen adsorption–desorption
The BET surface area, total pore volume and average

pore diameter were analyzed by multipoint N2 adsorp-
tion/desorption method at liquid N2 temperature (77 K)
with a Michromeritics (ASAP 2000) instrument. Prior to
analyses, all samples were degassed at 200 �C and
10)4 Torr pressure to evacuate the physisorbed mois-
ture.

2.2.3. NH3 temperature programmed desorption (TPD)
The NH3-TPD of both undoped and metal doped

samples was carried out in a CHEM BET-3000 (Quanta
chrome, USA) instrument. About 0.1 g of powdered
sample was taken inside a quartz ‘‘U’’ tube and degassed
at 400 �C for 1 h with ultrapure helium gas flow. The
sample was than cooled to 30 �C and the gas flow was
changed to NH3 for 30 min. The NH3 adsorbed sample
was then purged with He flow for another 30 min at the
same temperature to remove any weakly adsorbed NH3

on the catalyst surface. It was then heated up under
helium flow (35 mL/min) at a heating rate of 10 �C/min
to record the spectra.

2.2.4. 1H MAS NMR
The 1H MAS NMR spectra of the catalysts were

recorded using a Bruker Advanced DRX 360WB
spectrometer (Bruker BioSpin Ltd.). The magic angle
spinning (MAS) frequency of 5 kHz was used during the
spectral acquisition. The instrument was operated at a
resonance frequency of 360.13 MHz. Before carrying
out the NMR analysis, all the samples were heated at
200 �C for 2 h and carried in a properly sealed sample
tube.

2.2.5. Temperature programmed reduction (TPR)
The TPR spectra of the catalysts were recorded by

using a CHEM BET-3000 (Quanta chrome, USA)
instrument. In a typical experiment, about 0.1 g of
catalyst was placed in between two quartz wool plugs in
a quartz U-tube and heated at 200 �C for 1 h under
ultra-pure He gas flow. Then, the U-tube was cooled
down to room temperature. The gas flow was then
changed to 3%H2 in N2 and the TPR experiments were
performed by heating the catalyst under helium flow
(Rate-35 mL/min) at a heating rate of 10 �C/min.

2.3. Catalytic activity test

The catalytic activities of the samples were tested for
isopropylation of benzene using isopropanol. In a
typical experiment, 0.5 g of powdered catalyst was
loaded between two quartz wool plugs at the center of
a down flow stainless steel micro reactor (8 mm id).
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Before the catalytic activity test, the catalyst was
pretreated at 400 �C for 1 h under nitrogen flow
(30 mL/min) and then cooled down to the reaction
temperature. The pretreatment was carried out to get rid
of adsorbed species from the catalyst surface, if present.
N2 was used as both pretreatment and carrier gas and
the flow rate was maintained at 30 mL/min by a mass
flow meter (Matheson). Mixture of benzene (BDH, 99.5
% pure) and isopropanol (BDH, 99.5% pure) was used
as the feed. Required amount of the liquid mixture was
pumped by a programmable syringe pump (Genie, Kent
Scientific Corporation, Model-YA-12) and was fed from
the top of the reactor after being vaporized by a pre-
heater maintained at about 120 �C. The catalytic acti-
vity was tested at atmospheric pressure. The products
were trapped in a condenser at the reactor outlet and
analyzed in FID mode after each 1 h by a VARIAN GC
(model-3400) using 30 m long DBPS-1 capillary column
coated with 100% methylsiloxane as a stationary phase.
The gaseous products were collected and analyzed by
HP GC (model-5880) in FID mode fitted with Chro-
mosorb packed column.

The chemical reaction between benzene and isopro-
panol over sulfated and transition metal doped ZrO2–
TiO2 mixed oxide catalysts generated several products.
The two reactions involved are dehydration of isopro-
panol to prorene and alkylation of benzene with
propene to give a range of alkylated products. These
two major reactions are often accompanied by several
others such as transalkylation, disproportionation, etc.
The present work revealed only the presence of propene,
cumene, di- and tri-isopropylbenzenes in the product
stream. Based on these observations and earlier work
[19], the overall chemical reaction between benzene and
isopropanol can be presented as follows.

Each set of experiment was done three times and the
error was within ±6%. To minimize error in the
reported data, the average of results from three runs
was taken. Mass balance for each run was always
>97%. The conversions, both with respect to benzene
and isopropanol, were calculated using the equation:

% X ¼ Ci � Cp

Ci
� 100 ð2Þ

where
X ¼ conversion,
Ci ¼ moles of benzene/isopropanol injected per hour

per gram of catalyst,

Cp ¼ moles of benzene/isopropanol present in prod-
uct stream per hour per gram of catalyst.

The product selectivity was calculated by taking the
total number of moles of product formed following the
equation:

% Si ¼
Pi
Pt
� 100 ð3Þ

where
Si ¼ selectivity of ith component,
Pi ¼ moles of the ith product component formed per

hour per gram of catalyst,
Pt ¼ total number of moles of product formed per

hour per gram of catalyst.

3. Results and discussion

3.1. X-ray diffraction

When the active metals are doped over catalyst/
support, their distribution/dispersion may affect the
overall catalytic activity. After calcination at high
temperature, the dispersed metals may come closer to
form big crystallites and decrease the performance of
catalyst. To know the effect in case of manganese and
iron doped catalysts, X-ray diffraction of both undoped
and doped sulfated ZrO2–TiO2 mixed oxides calcined at
800 �C was carried out and the patterns are shown in
figure 1. All the catalysts developed ZrTiO4 as a single
phase. In our earlier communications, it was reported
that sulfated ZrO2–TiO2 mixed oxide when calcined at
800 �C, had developed only single ZrTiO4 phase, though
the ZrO2 content in the mixed oxide was 60 mol%
[13,19]. The iron, and manganese doped catalysts did
not show any XRD peak corresponding to either of the
doped metal oxide crystallites. This could be due to the

presence of metals in well-dispersed state on ZrO2–TiO2

mixed oxide surface. The 110 and 600 �C calcined
catalysts were found XRD amorphous (spectra not
given).

3.2. Surface area, pore volume and pore size distribution

The activity of a solid catalyst is dependent on its
several characteristics such as available surface are, pore
volume and pore diameter, amount of active sites
available for interaction, interaction of active phase
with catalyst, etc. In this present case the sulfated ZrO2–
TiO2 mixed oxide was doped with iron and manganese
and the presence of these metals may modify the surface

CH3 CH3

CH

OH

CH3 CH2

CH
4 + 9 + + + + + 9H2O ð1Þ
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and pore structures of the parent material. Furthermore,
this may change other properties such as surface acidity
and catalytic activity, which will be discussed in the
following sections. Table 1 shows the BET surface area,
total pore volume and average pore diameter of und-
oped and iron and manganese doped SO2�

4 /ZrO2–TiO2

catalysts calcined at 600 �C. It is evident from the table
that for iron doped catalyst, both surface area and pore
volume were decreased. At the same time there was a
slight decrease in average pore diameter. This could be
due to the pore mouth blockage by the Fe particles. But,
for Mn promoted catalyst decrease in surface area
(approximately 63%) was observed followed by very
sharp increase in average pore diameter (approximately
60%). This shows that, drastic modifications of pore
structures take place when sulfated ZrO2–TiO2 mixed
oxide gels are doped with transition metals, and further,
the effect probably depends upon the individual
metal characteristics. The decrease in surface area
and corresponding increase in average pore diameter
may be due to the collapse of considerably narrow
pores to form broad pores in presence of Mn. This effect
is not observed when the same material is promoted
with iron.

3.3. NH3 temperature programmed desorption

Figure 2(a) depicts the NH3 TPD patterns of both
pure, and iron and manganese doped sulfated ZrO2–
TiO2 mixed oxide catalysts. As evident from the figure,
the distributions of the acid sites remained same
irrespective of whether there was any metal ion doping
or not. Each of the profiles showed two peaks corre-
sponding to desorption of NH3 bound to the oxide
surface. The peak below 500 �C is broad and represents
the acidic center of medium strength. The broad peak
started slightly above 100 �C for Fe doped catalyst as
that of the undoped catalyst. But, the same peak was
shifted about 100 �C higher when the catalyst was
doped with Mn. This broad desorption peak is believed
to be merging from four different component peaks,
which is clearly visible in figure 2(b). Peak L1 is assigned
to NH3 released from weak Lewis acid sites such as
coordinately unsaturated zirconium and titanium ions
[20,21]. Peak L2 is assigned to the release of NH3 H-
bonded to strong Bronsted acid sites bound NHþ

4

species [20,21]. Peak L3 is designated to desorption of
NH3 coordinated to NH3 strongly bonded to strong
Lewis acid sites [21]. The peak B is assigned to the NH3

desorbed from Bronsted acid sites [21].
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Figure 1. X-ray diffraction patterns of undoped, and iron and manganese doped SO2�
4 /ZrO2–TiO2 mixed oxide catalysts calcined at 800 �C.

Table 1

Surface area, total pore volume and average pore diameter of undoped and iron and manganese doped SO2�
4 /ZrO2–TiO2 catalysts calcined at

600 �C

Catalyst BET surface area (m2/g) Average pore diameter (Å) Total pore volume (cc/g)

SO2�
4 /ZrO2–TiO2 137 137.7 0.47

Mn–SO2�
4 /ZrO2–TiO2 50 219.9 0.37

Fe–SO2�
4 /ZrO2–TiO2 107 131.8 0.35
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Considerably narrow desorption peak at ~600 �C
corresponds to NH3 released from strong acidic centers
(Peak L, figure 2(a)). This high temperature desorption
peak appeared at slightly higher temperature upon Mn
doping than the undoped catalyst (profile for Mn–SO2�

4 /

ZrO2–TiO2, figure 2(a)). On the other hand, for Fe
doped catalyst, desorption took place at lower temper-
ature, i.e., at ~570 �C (profile for Fe–SO2�

4 /ZrO2–TiO2),
even lower than that of the undoped catalyst. Further-
more, the peak intensity corresponding to high temper-
ature ammonia desorption was higher for Mn doped
catalyst than that of the undoped and iron doped
catalyst. These results showed that Fe doping over
sulfated ZrO2–TiO2 mixed oxide catalyst decreased the
number and strength of the stronger acid sites, but upon
Mn doping these properties of the catalyst enhanced.

3.4. 1H MAS NMR

Owing to the high electronegativity of both Zrþ4 and
Tiþ4 ions in sulfated ZrO2–TiO2 mixed oxides, the
surface OH groups should develop high protonic acid-
ity. The 1H chemical shifts have been used by several
workers to assign and correlate the acid strengths of
surface OH groups [22–24]. Reimer et al. [25] studied the
1H MAS NMR of pure and sulfated ZrO2. For pure
ZrO2 they found two signals: one intense signal at
3.86 ppm and the other, a comparatively weak peak at
1.60 ppm. The equivalent chemical shifts were also
observed by Mastikhin et al. [23]. After sulfation the
strong signal shifted to 5.85 ppm and this downfield
shift was attributed to the increase in acid strength of the
surface OH protons. In our case for SO2�

4 /ZrO2–TiO2

calcined at 600 �C (figure 3(A)), the 1H MAS NMR
spectra showed a single and very intense peak at
5.4 ppm with a small shoulder at 2.08 ppm. The
shoulder may be arising due to a very small number of
hydrogen atoms. The same type of observation was also
made by Semmer et al. [26] for sulfated ZrO2 in which
the intense peak appeared at 5.8 ± 0.2 ppm and a small
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Figure 2. (A) NH3 TPD profiles of undoped, and iron and manganese

doped SO2�
4 /ZrO2–TiO2(S) mixed oxide catalysts calcined at 600 �C.

(B). Distribution of acid sites in NH3 TPD profile (low temperature)

for undoped SO2�
4 /ZrO2–TiO2(S) mixed oxide catalysts calcined at

600 �C.

Figure 3. 1H MAS NMR spectra of undoped, and iron and manga-

nese doped SO2�
4 /ZrO2–TiO2(S) mixed oxide catalysts calcined at

600 �C. Profile A, B, and C represent SO2�
4 /ZrO2–TiO2(S), Fe–SO

2�
4 /

ZrO2–TiO2(S) and Mn–SO2�
4 /ZrO2–TiO2(S), respectively.
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one at 1.4 ± 0.2 ppm. For Mn doped catalyst, the
strong peak shifted towards downfield to 7.62 ppm and
the low intense peak that was present in the form of a
shoulder in case of SO2�

4 /ZrO2–TiO2, splitted into a
doublet at 1.77 and 1.30 ppm (figure 3(C)). About
2.2 ppm downfield shift of the strong peak after Mn
doping confirms the enhancement in the protonic acid
strength of this material relative to the undoped catalyst.
Further, in addition to the above signals, another signal
was observed at )5.35 ppm, which was absent in case of
SO2�

4 /ZrO2–TiO2. On the other hand, the strong peak is
totally absent for Fe–SO2�

4 /ZrO2–TiO2, which indicates
the decrease in acidity upon Fe doping. But, the doublet
present in case of Mn–SO2�

4 /ZrO2–TiO2 appeared as a
singlet at 1.56 ppm and this chemical shift seems to be
the average of that of the doublet. Furthermore, the far
upfield signal moved a little more upfield to )5.52 ppm
upon Fe doping with a shoulder at about )3.0 ppm.

From the above observations and the previous
reports it may be concluded that the Mn doped catalyst
contains protons, whose acidity is much stronger than
both undoped and iron doped catalyst. The Fe doped
catalyst contains the weakest acidic protons among the
three catalysts. The enhancement of acidity is attributed
to the increase in stability of surface sulfate groups upon
Mn doping. To confirm that Mn doping stabilized the
surface sulfate, TPR analyses were carried out and the
results are discussed below.

3.5. Temperature programmed reduction

From the above two sections it is clear that there is an
increase in surface acidity for Mn doped catalyst; but
the reason is not very clear. Since the metal oxides/
mixed oxides attain high acidity upon sulfation, the
sulfate groups on oxide surface are the determining
factors for their acidity. To explore this situation, TPR
experiments of undoped, and Mn and Fe doped SO2�

4 /
ZrO2–TiO2 catalysts, calcined at 600 �C, were carried
out and the profiles are shown in figure 4. The undoped
catalyst showed a large reduction peak at 730 �C. This
peak was attributed to the reduction of surface sulfate
groups. Xu and Sachtler [27] observed the surface
sulfate reduction peak at 675 �C for sulfated ZrO2.
Ebitani et al. [28] reported the sulfate reduction peak at
about 527 �C for Pt-sulfated ZrO2 catalyst. The same
type of observations was also made by other workers
[9,29,30]. But, in the present case the appearance of
sulfate decomposition peak at higher temperature is
attributed to the higher stability of the surface sulfate
groups on ZrO2–TiO2 surface than on ZrO2 surface.
This result is also in accordance with our previous
observations that the higher stability of sulfate groups
was obtained over ZrO2–TiO2 surface [13]. A close look
into figure 4 seems that the sulfate reduction peak is not
a single peak, rather, it emerges from the combination of
two peaks; one broad peak whose on set starts from

~300 �C with peak maximum ~675 �C and another very
sharp peak with peak maximum at ~730 �C. Therefore,
it is apparent that there are two types of sulfate groups
present on the catalyst surface. One type is compara-
tively less stable, which is reduced in hydrogen atmo-
sphere at lower temperatures (represented by the broad
peak in figure 4) and the second type, being more stable,
is reduced at higher temperature (represented by the
sharp peak). For metal doped catalysts, the sulfate
reduction peaks were observed at relatively lower
temperatures, which showed an enhancement of sulfate
reduction in presence of metal ions. This observation is
in well agreement with those reported by earlier workers
[9,28,29], where they observed that Pt metal facilitated
sulfate reduction over ZrO2 surface. Our prediction of
the presence of two types of sulfate groups in case of
undoped catalyst can be clearly observed from the TPR
profiles of Fe and Mn promoted catalysts (figure 4),
respectively, which show the presence of two distinct
sulfate reduction peaks.

Figure 4. TPR profiles of undoped, and iron and manganese doped

SO2�
4 /ZrO2–TiO2(S) catalysts calcined at 600 �C.
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For the Fe promoted catalyst, the high temperature
reduction peak was observed at ~580 �C and the low
temperature reduction peak (which corresponds to the
reduction of less stable surface sulfate species, as we
predicted) at ~530 �C. The presence of two peaks can be
clearly seen in this case and that in case of Mn promoted
catalyst appears like a doublet.

When the decrease in sulfate reduction temperature
of Fe and Mn doped catalysts was compared with
undoped catalyst, it was observed that in case of Fe, the
reduction temperature for both the peaks decreased
parallelly at about 150 �C. On the other hand, the high
temperature sulfate reduction peak in case of Mn doped
sample appeared at the same temperature as that of the
undoped catalyst. Also, the low temperature reduction
peak remained almost unchanged and they appeared
like a doublet. It should be noted here that the Mn
loading was 0.5 wt%, whereas Fe loading was 1.5 wt%.
So, the question may be raised that the iron loading was
much higher than that of manganese and higher iron
content decreased the sulfate reduction temperature. To
answer this, the TPR of 1.5 wt% manganese doped
catalyst was carried out, which showed no change in the
sulfate reduction temperature. From the above discus-
sions it is suggested that the surface sulfate groups are
less stable in presence of Fe over ZrO2–TiO2 surface. On
the other hand, the presence of Mn does not affect the
reduction of sulfate. From the above observations, it
may be concluded that Mn doping adds more stability
to the surface sulfate groups over ZrO2–TiO2 surface.
This could be the reason for the enhancement of acidity
in case of Mn doped catalyst, as indicated by 1H NMR
and higher catalytic activity for isopropylation of
benzene. So the enhancement of acidity could be
attributed to the more stability of surface sulfate groups
in presence of Mn. But, this acidity increase could not be
well observed by NH3 TPD, as being a strong base, NH3

adsorbed on all acid sites and the same types of profiles
were observed for all the catalysts. The only major
difference was observed for high temperature NH3

desorption peak, which followed the order Mn–SO2�
4 /

ZrO2–TiO2 > SO2�
4 /ZrO2–TiO2 > Fe–SO2�

4 /ZrO2–TiO2

(refer to NH3-TPD in Section 3.3).

3.6. Catalytic activity test

The undoped (SO2�
4 /ZrO2–TiO2), and metal doped

(Fe–SO2�
4 /ZrO2–TiO2 and Mn–SO2�

4 /ZrO2–TiO2) cata-
lysts were tested for isopropylation of benzene at
benzene to isopropanol molar ratio of 10:1 and reaction
temperature of 210 �C. All the reactions were performed
for 5 h time on stream (TOS). It may be noted that the
selection of reaction temperature and benzene to iso-
propanol molar ratio is not arbitrary. In our previous
study [19] of this reaction over SO4/ZrO2–TiO2, 100%
selectivity towards alkylation products was observed
when benzene to isopropanol molar ratio was 10:1 and

reaction temperature 180 �C. Further, during TOS
study we noticed that the deactivation of the catalyst
was less at 210 �C than at 180 �C. So, to compare the
activity of the above three catalysts, the best reaction
conditions, as observed in our previous study [19], were
maintained.

The alkylation of benzene with isopropanol is a
complex reaction network. The major reaction involves
alkylation of benzene with propene, formed by dehy-
dration of isopronol, to produce cumene. But this
reaction is always associated with several side reactions
such as transalkylation, disproportation, dealkylation,
etc., which produce a range of products. In this present
case, the product stream contained cumene as the major
product. The products obtained in minor quantities are
1,3 and 1,4 di-isopropylbenzene, 1,3,5 tri-isopropylben-
zene and propene. It should be noted here that alkyl-
ation of benzene to cumene is often accompanied by the
formation of n-propylbenezene and adds complexity in
the separation step because of its similar physical
properties with cumene. But in the present case, no n-
propylbenze was detected in the product stream. So,
based on the observations, the major reactions involved
can be written as follows:

1. Isopropanol fi Propene + Water
2. Benzene + Propene fi Cumene
3. Cumene + Propene fi Di-isopropylbenzene
4. Di-isopropylbenzene + Propene

fi Tri-isopropylbenzene
5. Tri-isopropylbenzene + Benzene

fi 2Di-isopropylbenzene
6. Di-isopropylbenzene + benzene fi 2 Cumene
7. 2 Cumene fi Di-isopropylbenzene + Benzene

In the present study, 100% isopropanol conversion at
the end of 5 h TOS was observed for all the above three
catalysts (table 2). It is worthwhile to mention that the
initial step of this reaction is the dehydration of
isopropanol to propene, and propene further reacts
with benzene (which takes place over Bronsted acid
sites) to give alkylated products. So, the total conversion
of isopropanol essentially involves both dehydration
and alkylation reactions. But, when conversion of
benzene was considered, which reflects the alkylation
activity of the catalyst, Fe–SO2�

4 /ZrO2–TiO2 showed the
lowest benzene conversions among all the three catalysts
(figure 5), i.e., lowest alkylation activity. With TOS, the
alkylation activity went down for all of them and the
effect was more prominent in case of iron doped
catalyst. Further, this was clearly observed when selec-
tivity of different product components was considered.
Fe–SO2�

4 /ZrO2–TiO2 showed higher propene selectivity
(51.4%) than that with SO2�

4 /ZrO2–TiO2 (15.1%), after
5 h TOS. Further, the cumene selectivity was much
higher for the later case (71.8%) than former (46.1%).
For Mn–SO2�

4 /ZrO2–TiO2, almost similar initial ben-
zene conversion with respect to SO2�

4 /ZrO2–TiO2 was
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observed (10.34% against 10.38 for SO2�
4 /ZrO2–TiO2,

figure 5 and table 2), which indicates similar initial
alkylation activity. As far as selectivity of cumene is
concerned, the undoped catalyst showed higher initial
cumene selectivity than that of the Mn-doped catalyst.
But, after 5 h TOS, the benzene conversion for Mn
doped catalyst was much higher than that for undoped
catalyst, which indicates higher alkylation activity for
Mn doped catalyst and higher stability under these
reaction conditions. Also, it showed slightly higher
cumene selectivity. But, as far as selectivity towards di-
and tri-isopropylbenzenes are concerned, the Mn pro-
moted catalyst showed lower di-isopropylbenzene
(DIPB) and higher tri-isopropylbenzene selectivity. This
shows the further alkylation of primary alkylation

products, which is either due to presence of stronger
acidic sites or strong adsorption of primary products on
the Mn–SO2�

4 /ZrO2–TiO2 surface. From the 1H MAS
NMR results it was observed that the Mn doped catalyst
contained surface protons of highest acid strength and
the Fe doped catalyst lowest. Further, from TPR
analysis it was observed that the enhancement of acidity
was due to the stabilization of surface sulfate groups
upon Mn doping. So, this enhancement of isopropyla-
tion activity for Mn doped catalyst could be attributed
to the increased protonic acid strength through stabil-
ization of surface sulfate groups. Furthermore, the
isopropylation activity followed the order Mn–SO2�

4 /
ZrO2–TiO2 > SO2�

4 /ZrO2–TiO2 > Fe–SO2�
4 /ZrO2–

TiO2, which is, in fact, the same as that of the acidity
order determined by 1H MAS NMR.

Most of the earlier reports have proposed that
deactivation of the catalyst during alkylation is because
of the coke deposition on the active sites [31,32].
Further, the coke formation depends upon the operating
conditions as well as characteristics of the material such
as acidity, pore structure, etc. The origin of coke
molecules on the surface of zeolitic catalysts involved
in cumene synthesis reaction depends mainly upon two
factors; low volatility or steric blocking. In general,
retention of coke molecules related to the low volatility
dominates at low temperature, whereas that due to
trapping of higher molecular weight bulky molecules
(sterically blocked) occurs at high temperature [33].
Also, it has been accepted that higher the acidity of the
catalyst greater will be the coke formation [33]. There-
fore, attempt was made to find out the possible cause of
deactivation.

As discussed earlier all catalysts deactivate with TOS
(table 2); but the least deactivation, i.e., the highest
benzene conversion after 5 h TOS, was observed in case
of Mn–SO2�

4 /ZrO2–TiO2. The spent catalysts (undoped

Table 2

Effect of metal ion doping on isopropylation activity and selectivity of different products over undoped and Fe and Mn doped SO2�
4 /ZrO2–TiO2

mixed oxide catalysts calcined at 600 �C

Catalyst

SO2�
4 /ZrO2–TiO2(S) Fe–SO2�

4 /ZrO2–TiO2 Mn–SO2�
4 /ZrO2–TiO2

Reaction time 1 h 5 h TOS 1 h 5 h TOS 1 h 5 h TOS

Isopropanol conversion, % 100 100 100 100 100 100

Benzene conversion, % 10.38 8.37 6.56 5.63 10.34 9.8

#Benzene conversion, % 10.3 8.2 – – 10.3 9.6

Coke content, g – 1.76 – 1.1 – 1.14

Selectivity of different products, mol%

Cumene 97.1 71.8 65.7 46.1 92.4 72.3

1,3 DIPB 2.1 7.5 2.6 0.3 6.1 5.6

1,4 DIPB 0.8 5.6 4.3 2.0 1.5 2.8

1,3,5 TIPB – Trace 0.8 0.2 Trace 1.4

Propene – 15.1 26.6 51.4 – 17.9

Note: Reaction temperature = 210 �C, WHSV = 3.65 h)1, benzene:isopropanol = 10:1(mol/mol).

#Benzene conversion of the 550 �C regenerated catalyst (air, 3 h).
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Figure 5. Effect of metal doping on benzene alkylation activity as a

function of TOS over undoped, and iron and manganese doped SO2�
4 /

ZrO2–TiO2 mixed oxide catalysts calcined at 600 �C.
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and Mn doped) were regenerated at 550 �C for 3 h
under air flow (30 mL/min) and the same reaction was
performed. Both of them regained their activity (table 2,
raw-5). So, the carbon contents of all the spent catalysts
were measured by a CHN analyzer and the results are
presented in table 2 (raw-6). Mn doped catalysts showed
less coke content than the undoped catalyst. Although,
the Fe doped catalyst contained the lowest amount of
coke, its initial alkylation activity was much less than
the undoped and Mn doped catalysts, possibly due to its
less acidity as discussed in case on NH3-TPD and 1H
MAS NMR results. On the other hand, the Mn doped
catalyst contained lower amounts of coke than the
undoped catalyst, even though its acidity was higher and
so also its activity. It can be said that coking is the
possible cause of deactivation in this case. When the
catalysts were regenerated in presence of air at 550 �C,
the coke deposited over active sites were burnt off and
the shielded active sites were again exposed to interact
with the reactant molecules.

4. Conclusions

1H MAS NMR results indicated that the protonic
acid strength of this catalyst was increased when SO2�

4 /
ZrO2–TiO2 was doped with Mn. On the other hand,
protonic acid strength decreased upon doping with Fe,
and the acidity of the three catalysts followed Mn–
SO2�

4 /ZrO2–TiO2 > SO2�
4 /ZrO2–TiO2 > Fe–SO2�

4 /ZrO2–
TiO2. The same result was further supported by TPD
analysis in which the high temperature NH3 desorption
peak was observed at the highest temperature, upon
doping with Mn. The acidity measurements in conjunc-
tion with the TPR analysis confirmed that the increase
in acidity in case of Mn doped catalyst was due to the
enhanced stabilization of surface sulfate groups. The
activity towards isopropylation of benzene was also
highest for Mn doped catalyst and followed the same
order as their acidity. This catalyst showed highest
activity with the lowest deactivation after 5 h TOS. This
was attributed to the increase in protonic acid strengths
through stabilization of surface sulfate species. The
decrease in activity of the catalysts was due to the coke
formation over the active sites.
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