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Abstract

Alumina–zirconia mixed oxide-supported sulfate-, molybdate- and tungstate-promoted solid acid catalysts were synthesized and charac-
terized by various techniques. The Al–Zr hydroxide gel was obtained by a co-precipitation method from their corresponding nitrate salts by
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ydrolysis with aqueous ammonia. To the Al–Zr-hydrous mixed oxide support, aqueous solutions of sulfuric acid, ammonium hepta
nd ammonium metatungstate were added and the mixtures were refluxed at 110◦C, followed by evaporation of the water, drying and calc

ion at 650–750◦C. The surface and bulk properties of the catalysts were examined by using X-ray diffraction, BET surface area, TG
mmonia-TPD and XPS techniques. The XRD results reveal that Al2O3–ZrO2 mixed oxide calcined at 650◦C is in amorphous or poor
rystalline state exhibiting broad diffraction lines due to tetragonal ZrO2 phase. At 750◦C calcination, a better crystallization of the zirco
etragonal phase is observed. The XRD results further indicate that incorporation of alumina into zirconia stabilizes the tetrago
he TGA–DTA studies provide information that there are at least two types of sulfate species with different thermal stabilities in th
O4

2−/Al 2O3–ZrO2 catalyst. The TPD study reveals that the SO4
2−/Al 2O3–ZrO2 catalyst exhibits an ammonia desorption peak maximu

00◦C indicating super-acidic nature of the catalyst. The XPS peak intensities and the corresponding binding energies indicate tha
nteracts with the support more strongly than other promoters. All characterization results provide information that the impregna
ons show a relatively strong influence on the physicochemical properties of the Al2O3–ZrO2 mixed oxide. The prepared catalysts w
valuated for acetylation of alcohols and amines with acetic anhydride in the liquid phase. In line with physicochemical characte
O4

2−/Al 2O3–ZrO2 exhibits better product yields under very mild reaction conditions.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid acid catalysts are finding numerous applications in
any areas of the chemical industry. These are extremely
seful in many large volume applications, especially in the
etroleum industry for alkylation and isomerization reactions

1–4]. Isomerization ofn-alkanes into their corresponding
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branched alkanes is an important reaction in the petro
industry to produce high-quality (high octane number) g
line. Many catalysts were reported in the literature includ
AlCl3 with additives like SbCl3 and HCl, chlorinated alu
mina, transition metal-exchanged zeolites, heteropoly a
and some bifunctional catalysts[5]. Most of these isomeriz
tion catalysts suffer from different drawbacks such as
working temperature, continuous supply of chlorine an
high hydrogen pressure.

In recent years, promoted zirconia catalysts have ga
much attention for isomerization reactions due to their su
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acidity, non-toxicity and a high activity at low temperatures
[2,4]. Among various catalysts, the sulfated zirconia has at-
tracted much attention after its first report by Hino and Arata
in 1979[6]. This catalyst was also reported to be active for
various organic transformations such as alkylation, acetyla-
tion, esterification, benzylation and some other condensation
reactions[7–9]. However, a major disadvantage associated
with sulfated zirconia is its rapid deactivation at high tem-
peratures and under reducing atmosphere owing to the for-
mation of SOx and H2S. Many efforts can be found in the
literature to improve the activity and stability of the sulfated
zirconia catalyst, including promotion of the catalyst with
transition metals like Fe, Mn, Cr and with noble metal Pt
[10]. Recently, some authors reported that sulfated zirconia-
based mixed oxides show more stability and enhanced acid-
ity than the transition/noble metal-promoted sulfated zirco-
nia catalysts alone[11–14]. Three types of mixed oxides,
namely SiO2–ZrO2 [12], Al2O3–ZrO2 [13] and TiO2–ZrO2
[14] were mainly investigated for the sulfation and subse-
quent catalytic applications. In the case of SiO2–ZrO2 mixed
oxide, the sulfate ion selectively interacts with non-silica
component of the mixed oxide, i.e., zirconia. Hence, the sul-
fated silica–zirconia mixed oxide can be considered as sul-
fated zirconia dispersed on silica[12]. However, in the case
of alumina–zirconia, the sulfate ion was found to interact
s
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namely XRD, TGA/DTA, BET surface area, NH3-TPD and
XPS, and were evaluated for acetylation of alcohols and
amines in the liquid phase.

2. Experimental

2.1. Catalyst preparation

The Al2O3–ZrO2 binary oxide (1:1 mole ratio based on
oxides) was prepared by a homogeneous coprecipitation
method. For this purpose, an aqueous solution containing
the requisite quantities of Zr(NO3)4·xH2O (Fluka, AR grade)
and Al(NO3)3·xH2O (Loba Chemie, GR grade) were pre-
pared separately and mixed together (pH 2). This solution
was hydrolyzed with dilute ammonium hydroxide with vig-
orous stirring until the pH of the solution reached to 8–9. At
this pH, a white precipitate was formed and the precipitate
was allowed to settle for 2 days. The resulting precipitate
was filtered off and washed several times with deionized wa-
ter and dried at 120◦C for 12 h. The powdered oven-dried
hydrous alumina–zirconia was immersed in 1 M H2SO4 so-
lution (30 ml) for 30 min to incorporate sulfate ions. The ex-
cess water was evaporated on a water bath and the resulting
sample was oven-dried at 110◦C for 12 h, calcined at 650 or
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trongly with both the components. Gao et al.[15] reported
hat addition of small amounts of alumina to sulfated zirco
nhances activity and stability of the catalyst for isome

ion of n-butane. They observed that the surface sulfate
oncentration increases significantly with alumina con
he promotional effect of alumina on the sulfated zirco
atalyst was also confirmed by many others[16]. Skrdla and
indemann[17] observed that sulfated Al2O3–ZrO2 cata-

yst is very active for dehydration of 2-butanol. Furuta[18]
eported that platinum-promoted sulfated alumina–zirc
atalyst shows enhanced activity than the platinum-prom
ulfated zirconia for light naphtha isomerization. Hino
rata [19] observed that tungsten-oxide-promoted zirco

s an active catalyst for alkane isomerization and its acid
tronger than that of 100% sulfuric acid. Based on Ham
cidity indicators, they suggested that the acidity of this
lyst is close to 14 (H0 ≤ −14). Subsequently, many grou
onfirmed that the acidity and catalytic activity of this ca
yst is comparable to that of sulfated zirconia[20]. Our recen
tudies revealed that molybdenum-oxide-promoted zirc
lso exhibits strong solid acidity and excellent catalytic p
rties for various organic synthesis and transformation

ions in the liquid phase[21–24].
In view of the above reasons, we were intereste

nvestigate the precise role of promoters on the a
ty of Al 2O3–ZrO2 and its application to various organ
ynthesis and transformation reactions. In this study
lumina–zirconia mixed oxide was prepared by a hom
eous co-precipitation method and impregnated with su
olybdate and tungstate promoters. The prepared cat
ere characterized by different physicochemical techniq
50 C for 5 h, and finally stored in dry nitrogen atmosph
he molybdate- and tungstate-promoted Al2O3–ZrO2 cata-

ysts, containing 10 wt.% MoO3 or WO3, were prepared b
suspension impregnation method. To incorporate m

enum oxide or tungsten oxide, the requisite quantitie
mmonium heptamolybdate (Fluka, AR grade) or ammon
etatungstate (JT Baker, England, GR grade) were diss

n excess water and the finely powdered oven-dried hyd
lumina–zirconia support was added to this solution;
ixture was refluxed at 110◦C for 2 h. The excess water w

vaporated on a water bath with continuous stirring. Th
ulting sample was oven-dried at 110◦C for 12 h, calcined a
50 or 750◦C for 5 h in air atmosphere, and finally stored
ry nitrogen atmosphere.

.2. Catalyst characterization

X-ray powder diffraction patterns have been recorde
Siemens D-5000 instrument by using a Cu K� radiation

ource and a scintillation counter detector. The XRD ph
resent in the samples were identified with the help of JC
ata files. The specific surface areas of the samples
etermined on a Micromeritics Gemini 2360 instrumen
2 physisorption at liquid nitrogen temperature and by ta
.162 nm2 as the molecular area of one N2 molecule. Befor
easurements, all the samples were dried in situ at 20◦C

or 2 h under vacuum.
The TGA/DTA analysis was carried out on a Met

oledo TG-SDTA apparatus (Pt crucibles, Pt/Pt–Rh the
ouple) with the purge gas (nitrogen) flow rate of 30 ml mi−1

nd the heating rate of 10◦C min−1 from 25 to 1000◦C.
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The temperature-programmed desorption (TPD) measure-
ments were performed on an AutoChem 2910 instrument
(Micromeritics, USA). A thermal conductivity detector was
used for continuous monitoring of the desorbed ammonia
and the areas under the peaks were integrated. Prior to TPD
measurements, samples were pretreated at 200◦C for 1 h in
a flow of ultrapure helium gas (50 ml min−1). After pretreat-
ment, the sample was saturated with 10% ultrapure anhydrous
ammonia gas (balance He, 75 ml min−1) at 80◦C for 2 h and
subsequently flushed with He (60 ml min−1) at 110◦C for 1 h
to remove the physisorbed ammonia. The heating rate for the
TPD measurements, from 110 to 800◦C, was 10◦C min−1.

The XPS measurements were made on a Shimadzu (ESCA
3400) spectrometer by using Mg K� (1253.6 eV) radiation as
the excitation source. Charging of the catalyst samples was
corrected by setting the binding energy of the adventitious
carbon (C 1s) at 284.6 eV[25,26]. The XPS analysis was done
at room temperature and at pressures typically in the order of
less than 10−6 Pa. Samples were outgassed in a vacuum oven
overnight before XPS measurements.

2.3. Catalyst evaluation

In a typical reaction procedure, a mixture of 1:1.5 molar
amounts of alcohol/amine and acetic anhydride along with
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Fig. 1. X-ray powder diffraction patterns of Al2O3–ZrO2 and promoted
Al2O3–ZrO2 samples calcined at 750◦C: Lines due to (�) tetragonal ZrO2
and (©) Zr(MoO4)2.

endothermic peak was also observed for SO4
2−/Al2O3–ZrO2

sample at higher temperatures due to phase transformation
of alumina from gamma to alpha as reported in the liter-
ature [28]. No significant information was obtained from
the TGA/DTA profiles of molybdenum oxide and tungsten
oxide-promoted samples. Most importantly, the TGA/DTA
results suggest that the optimum temperature for calcination
of SO4

2−/Al2O3–ZrO2 samples is 600–650◦C where no loss
of sulfate species could be observed.

The X-ray powder diffraction patterns of unpromoted and
promoted Al2O3–ZrO2 samples calcined at 750◦C are shown
in Fig. 1. At 650◦C calcination temperature, all the samples
are mainly in amorphous or poorly crystalline state. No inde-
pendent lines due to crystalline alumina are observed indicat-
ing that alumina is homogeneously mixed with zirconia and
in amorphous state. Only broad XRD lines due to tetragonal
zirconia phase are observed. However, on increase of calci-
nation temperature from 650 to 750◦C a better crystalliza-
tion of tetragonal zirconia phase could be seen fromFig. 1.
In the case of SO42−/ZrO2 samples, a mixture of tetrago-
nal and monoclinic zirconia phases were mainly observed
[24]. However, the XRD patterns of all promoted samples
in the present study reveal only tetragonal phase, giving an
impression that alumina acts as a structural stabilizer to zir-
conia. The addition of alumina to zirconia appears to retard
t hase
i onal
z
Y i
e the
t ize of
he catalyst (0.1 g) were taken into a round-bottomed
nd refluxed for various times. After completion of the re

ion, the catalyst was filtered off and the wet catalyst was
or recycling. The product was recovered from the filtrate
queous NaHCO3 solution was added to remove the exc
cetic anhydride. A 20 ml of CH2Cl2 solution was also adde

o separate aqueous and organic layers. The organic lay
ecanted into another flask by using separating funne
oncentrated. The NMR and mass spectrometry techn
ere utilized along with their melting/boiling points for a
lyzing the products.

. Results and discussion

The prepared catalysts were subjected to TGA/DTA a
sis before calcination. All samples showed a major we
oss peak in the range 70–130◦C corresponding to the loss
hysically adsorbed water in the pores and on the surfa

he samples. In the case of SO4
2−/Al2O3–ZrO2 sample, two

eight loss peaks were observed at 783 and 891◦C, respec
ively. These high-temperature weight loss peaks could b
o decomposition of surface sulfate species at higher tem
tures. This observation gives an impression that there

east two types of sulfate species present with different
al stabilities. Also the shift in the weight loss peaks tow
igher temperatures when compared to that of SO4

2−/ZrO2
ample indicates an increase in the thermal stability o
urface sulfate species in the case of alumina–zirconia m
xide sample. A similar phenomenon was reported by H
l. [27] in the case of sulfated alumina–zirconia catalyst
he transformation of metastable tetragonal zirconia p
nto more stable monoclinic phase. Stabilization of tetrag
irconia by the addition of promoters such as La2O3, Y2O3,
b2O3 and CaO is reported in the literature[29]. Zalewsk
t al. [30] reported that addition of alumina stabilizes

etragonal zirconia phase by decreasing the crystallite s



84 B.M. Reddy et al. / Journal of Molecular Catalysis A: Chemical 227 (2005) 81–89

Table 1
BET surface area, total acidity and electron binding energies (eV) of pure and promoted Al2O3–ZrO2 mixed oxide catalysts calcined at 650◦C

Sample BET Surface
area (m2/g)

Total NH3

desorbed (ml/g)
O 1s Al 2p Zr 3d5/2 S 2p Mo 3d5/2 W 4f7/2

Al2O3–ZrO2 119 7.02 531.4 75.0 182.9 – – –
SO4

2−/Al2O3–ZrO2 33 15.03 532.4 75.1 183.1 169.8 – –
Mo/Al2O3–ZrO2 101 14.90 531.4 75.1 182.9 – 232.9 –
W/Al2O3–ZrO2 114 19.39 531.6 75.2 182.9 – – 36.3

zirconia. A further increase of calcination temperature from
750 to 850◦C revealed a high degree of crystallinity and a
mixture of tetragonal and cubic zirconia phases.

The N2 BET surface areas of various samples are shown
in Table 1. As can be noted from this table, there is a slight
decrease in the BET surface area of the Al2O3–ZrO2 sample
after impregnating with Mo- and W-oxides. However, in the
case of sulfate ion-incorporated samples, the loss in the BET
surface area is substantial. This could be due to the formation
of non-porous Al and Zr sulfates at higher calcination temper-
atures. However, no XRD lines due to crystalline compounds
of the same were observed. A similar phenomenon was also
reported earlier in the case of sulfate ion-promoted alumina
catalysts[4]. The small decrease observed in the case of Mo-
and W-oxide-promoted catalysts could be due to penetration
of these dispersed oxides into the pores of the Al–Zr binary
oxide.

It is an established fact in the literature that ammonia is an
excellent probe molecule for testing the acidic properties of
solid catalysts. Its strong basicity and smaller molecular size
allows detection of acidic sites located in the narrow pores of
the solids. The ammonia-TPD profiles of pure and promoted
Al2O3–ZrO2 samples are shown inFig. 2and the correspond-
ing total acidity results are presented inTable 1. As can be

noted from the TPD profiles, in all samples the acid sites
are distributed in two temperature regions. The profiles of
Mo/Al2O3–ZrO2 and W/Al2O3–ZrO2 are quite similar and
show two desorption maxima. The second maximum at about
284◦C is sharper than the first one at∼200◦C. A similar two
desorption processes are noted for SO4

2−/Al2O3–ZrO2 sam-
ple. The first desorption maximum observed at∼200◦C grad-
ually decreases up to 500◦C. The second desorption process
starts slowly above 520◦C and becomes rapid at∼600◦C as
shown by a sharper maximum. This second desorption pro-
cess or delay in NH3 desorption indicates a stronger interac-
tion of the acid sites with the adsorbed NH3. Corma et al.[31]
also reported the generation of a super-acidic peak at 550◦C
in the NH3-TPD of a sulfated zirconia catalyst calcined at
550◦C for 3 h. A similar ammonia desorption peak at 600◦C
in the present study indicates the super-acidic nature of the
SO4

2−/Al2O3–ZrO2 catalyst. The incorporation of Al2O3
into ZrO2 and subsequent sulfation results in the shift of the
temperature maximum from 550 to 600◦C. Desorption peaks
with temperature maximum in the range 180–250, 280–330,
380–500◦C are normally attributed to NH3 chemisorbed
on weak, medium and strong acid sites, respectively[31].
Among all prepared catalysts, the SO4

2−/Al2O3–ZrO2 has
the lowest amounts of weaker and moderate acid sites and the

rious A2O3
Fig. 2. The TPD of ammonia, after its adoption over va
 l–ZrO2 samples at 80◦C and subsequent flushing at 110◦C.
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highest concentration of stronger acid sites. When the pro-
moters are incorporated into the Al2O3–ZrO2, the distribution
of acid strength normally changes. In the case of Mo- and W-
oxide-incorporated catalysts, the concentration of medium
strength acid sites increased drastically when compared to
that of pure Al2O3–ZrO2 support. In particular, the percent-
age of moderate strength acid sites on W/Al2O3–ZrO2 is
much higher than on the Mo/Al2O3–ZrO2 sample. In gen-
eral, in all cases the total number of acid sites is enhanced
after incorporation of the promoters (Table 1).

X-ray photoelectron spectroscopy offers several advan-
tages for the surface characterization of metal oxide catalysts.
The relatively low kinetic energy (<1.5 keV) of the photoelec-
trons makes XPS inherently surface sensitive, which makes it
ideal for characterizing ultra-thin oxide surfaces (1–10 nm).
The unpromoted and promoted Al2O3–ZrO2 samples cal-
cined at 650◦C are investigated by XPS technique. The pho-
toelectron peaks pertaining to O 1s, Zr 3d and Al 2p are shown
in Figs. 3–5, respectively. The binding energies (Eb) of all the
elements in these catalysts are shown inTable 1.Figs. 3–5and
Table 1reveal that the photoelectron peaks of these samples
are sensitive to the nature of the promoter atoms. As shown in
Fig. 3, the O 1s profile is more broad due to overlapping con-
tributions of oxygen atoms from alumina and zirconia in the
case of Al2O3–ZrO2 sample and similar contributions from
s s of
a This
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M nsity
d ent.

F
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Fig. 4. The Zr 3d XPS spectra of Al2O3–ZrO2 and promoted Al2O3–ZrO2

samples calcined at 650◦C: (AZ) Al2O3–ZrO2; (SAZ) SO4
2−/Al2O3–ZrO2;

(MAZ) Mo/Al 2O3–ZrO2; (WAZ) W/Al 2O3–ZrO2.

The oxygen ion density in various samples is expected to be
same. Therefore, the decrease or increase in the peak inten-
sity can be attributed to different chemical environments. It is
a known fact in the literature that broadening of the XPS peak
depends on various factors including (i) the presence of more
than one type of species with different chemical character-
istics which cannot be discerned by ESCA and (ii) electron
transfer between the promoter and the support[32]. The O 1s
binding energies (Table 1) reveal that there is an increase in
the binding energy in the case of SO4

2−/Al2O3–ZrO2 sample

F
s
(

ulfate, molybdate and tungstate in addition to the oxide
lumina and zirconia in the case of promoted catalysts.
gure shows that an extensive broadening of the O 1s
f Al2O3–ZrO2 sample occurred after impregnating with s

ate ions. The extent of peak broadening is less in the ca
o- and W-oxide-promoted samples. The XPS peak inte
epends on both ion density and its chemical environm

ig. 3. The O 1s XPS spectra of Al2O3–ZrO2 and promoted Al2O3–ZrO2

amples calcined at 650◦C: (AZ) Al2O3–ZrO2; (SAZ) SO4
2−/Al2O3–ZrO2;

MAZ) Mo/Al 2O3–ZrO2; (WAZ) W/Al 2O3-ZrO2.
ig. 5. The Al 2p XPS spectra of Al2O3–ZrO2 and promoted Al2O3–ZrO2

amples calcined at 650◦C: (AZ) Al2O3–ZrO2; (SAZ) SO4
2−/Al2O3–ZrO2;

MAZ) Mo/Al 2O3–ZrO2; (WAZ) W/Al 2O3–ZrO2.
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when compared to that of other samples, due to the formation
of the respective metal sulfates.

Fig. 4 shows the binding energy of the Zr 3d photoelec-
tron peaks at 182.9 and 185.3 eV for Zr 3d5/2 and Zr 3d3/2
lines, respectively. The Zr 3d lines are reasonably well re-
solved with good intensity. Here too a significant broadening
is noted in the case of sulfate-ion-promoted sample. A high
intensity and better resolution of the peaks in the case of Mo-
and W-promoted Al2O3–ZrO2 catalysts could be due to better
crystallization of the samples under the influence of promot-
ers. A slight shift towards higher binding energy is noted in
the case of sulfate-ion-promoted samples. The binding energy
of the Zr 3d5/2 line in unpromoted ZrO2 sample ranges be-
tween 182.2 and 182.5 eV[25,26]. An increase in the binding
energy of the Zr 3d line in the case of Al2O3–ZrO2 sample, in
comparison to ZrO2 alone, gives an impression that both the
component oxides are mixed homogeneously to form a solid
solution.Fig. 5 shows the binding energy of the Al 2p pho-
toelectron peak in various samples at around 75.0 eV. Here
too an extensive broadening of the Al 2p peak can be noted
in the case of sulfate-ion-promoted sample. The Al 2p peak,
in case of unpromoted Al2O3 samples, is normally observed
at 74.7 eV[25,26]. A slight increase in the Al 2p binding en-
ergy can be noted for all Al2O3–ZrO2 samples with respect
to Al2O3. This observation indicates that alumina is strongly
i too.
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hase. The acylation reaction is a frequently used proce
rganic synthesis for derivatization and characterizatio
ion conditions, use of halogenated solvents and some
eagents employed are expensive (triflates). Although
nd zeolites showed improved reaction selectivity, activ
f these catalysts are much lower than conventional h
eneous acids. Therefore, there is a need for efficient
cid catalysts, which possess strong acid sites, water
nt and reusable. In view of the significance of this r

ion, the prepared catalysts were evaluated for acylatio
lcohols and amines by using acetic anhydride as ac

ng agent. Results of the reaction carried out with sulf
lumina–zirconia are summarized inTable 2. In general
ll the catalysts exhibited reactivity for this reaction un
ild conditions. Among the four catalysts investigated in

tudy, the SO42−/Al2O3–ZrO2 showed better activity and s
ectivity followed by Mo/alumina–zirconia.

It is reported in the literature that the Al2O3–ZrO2 shows
ncreased acid site density than that of individual com
ent oxides[44]. Mixed oxides often show enhanced ac

ty and thermal stability than their constituent single oxid
his is primarily due to the charge imbalance generated

he minor component oxide by imposition of the bond
rix of the major component oxide[45]. In the case of 1:
ole ratio mixed oxides enhanced acidity generates d

harge imbalance resulting from hetero-atom linkages.
ous explanations can be found in the literature on the
in of stronger acidity in the case of sulfate-, molybdate-

ungstate-doped zirconia catalysts[4,20,46]. In particular, the
urface acidity characterization of SO4

2−/ZrO2 shows tha
ts surface contains very strong Brönsted acid sites as w
s Lewis acid sites. The number and the strength of
ites largely vary with parameters such as sulfation me
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Table 2
Acetylation of alcohols and amines with (Ac)2O in the presence of SO42−/Al2O3–ZrO2

Entry Alcohol/amine Acetate Time/yield

1 2/95

2 3/91

3 2/89

4 2/98

5 1/92

6 1/96

sulfur concentration, activation temperature and the nature
of the precursor[7]. In the case of Al2O3–ZrO2, the sulfate
ion strongly interacts with both the components of the mixed
oxide. Due to this, the surface sulfur concentration of this
catalyst increases significantly.

The super-acidity of W/ZrO2 and Mo/ZrO2 catalysts was
first observed by Arata and Hino[19,47]. They reported
that solid superacids could be synthesized by supporting W-
or Mo-oxides on ZrO2 or TiO2 under certain preparation
conditions. Our recent investigations also revealed that the
molybdate- or tungstate-promoted ZrO2 catalysts exhibit
strong solid acidity and interesting catalytic activity for
various organic synthesis and transformation reactions in
the liquid phase[21–23,48,49]. Although these catalysts are
less active than sulfated zirconia, they show superior thermal
stability in both oxidizing and reducing atmospheres.
In W/ZrO2 catalysts, WOx clusters of intermediate size
delocalize a net negative charge caused by a slight reduction
of W6+ centers in reactant environments containing H2 or
hydrocarbons. This temporary charge imbalance leads to
the formation of Br̈onsted acid sites on the zirconia support
[50]. Generally, it is believed that tungsten oxide can exist
on the zirconia surface in the form of polyoxotungstate
clusters. Tungsten oxide is also known to form polytungstate
layers on other oxides like Al2O3 and TiO2, whereas on the

surface of silica it forms inactive WO3 [51]. By considering
the above facts, one can expect an enhanced acidity and
stability for the tungsten-oxide-promoted Al2O3–ZrO2
mixed oxide catalyst. Supported tungsten oxide catalysts
have an advantage over heteropolytungstate catalysts. These
catalysts retain their structural integrity even at high tem-
peratures, whereas heteropolytungstates decompose to form
bulk WO3 at higher temperatures. Excellent review articles
can be found in the literature on tungsten-oxide-based solid
acid catalysts[50,52]. In conformity with this argument,
some authors reported a high activity for tungsten-oxide-
promoted alumina–zirconia catalysts for various reactions.
Nagata et al.[53] reported that tungsten-oxide-promoted
alumina–zirconia is the most active catalyst for oxidative
decomposition of chloropentafluroethane (CFC-115).
Hua and Sommer[54] observed that platinum-promoted
WO3/Al2O3–ZrO2 catalyst is more active than Pt/WO3/ZrO2
for n-heptane isomerization in the presence of H2 at 200◦C.
Generally, it is difficult to carry out then-heptane isomer-
ization, because the cracking reaction takes place through�
scission of C7 carbenium ion intermediate[54]. As the chain
length increases, such a cracking reaction is more significant
than the isomerization reaction on the acid sites. It was
found that molybdenum-oxide-promoted zirconia catalysts,
calcined at 600–800◦C, also show strong solid acidity and
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good activity for various reactions in both liquid and vapor
phases[21–23]. In Mo/ZrO2 catalysts, zirconia can exist
in metastable tetragonal modification and this can also lead
to the formation of Mo O Zr bonds. As the molybdenum
oxide loading increases to above monolayer level or the
calcination temperature is more than 650◦C, the Mo O Zr
surface species develops into a definite Zr(MoO4)2 com-
pound [34,35]. A similar analogy can be extended to
Mo/Al2O3–ZrO2 samples. These catalysts were also found
to exhibit strong solid acidity and excellent catalytic activity
for acid-catalyzed reactions in line with W/Al2O3–ZrO2
[55,56]. In view of structural similarities, all these materials
exhibit strong acidity and find numerous catalytic applica-
tions.

4. Conclusions

The following conclusions can be drawn from this
study:

(1) The alumina–zirconia mixed oxide when calcined at
650◦C is in amorphous or poorly crystalline state. Only
broad diffraction lines due to tetragonal zirconia were
observed. No independent lines due to crystalline alu-
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