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Abstract

Sulfated CexZr1−xO2 catalyst was found to exhibit solid super-acidity and good catalytic activity for synthesis of�-amino ketones by a three-
component Mannich type reaction in the liquid phase under solvent free conditions at ambient temperature. To make the sulfated CexZr1−xO2

catalyst, Ce-Zr hydroxide gel was prepared by a coprecipitation method and SO2− ions were deposited by treating the gel with sulfuric acid
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nd calcined at 923 K. Surface and bulk properties of the CexZr1−xO2 and SO4
2−/CexZr1−xO2 samples were investigated by means of X

owder diffraction, thermogravimetry, ammonia-TPD, Raman spectroscopy and BET surface area methods. Characterization results
mpregnated SO42− ions strongly influence the physicochemical characteristics of the CexZr1−xO2 solid solution. Powder XRD profiles reveal t
resence of cubic Ce0.5Zr0.5O2 in the case of unpromoted sample and tetragonal Ce0.16Zr0.84O2 phase along with zirconium sulfate compou

n the case of SO42− promoted sample. In particular, the XRD and Raman results suggest a selective interaction of the sulfate ions wit
ortion of the CexZr1−xO2 solid solution leading to the formation of zirconium sulfate compounds. The NH3-TPD profiles indicate significa
hanges in the distribution of acid sites on the CexZr1−xO2 upon sulfation. The SO42−/CexZr1−xO2 sample exhibits strong as well as super-ac
ites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The use of conventional acids such as H2SO4, HF, AlCl3,
F3, SbF5, H3PO4 and HCl for organic reactions pose signif-

cant risks in handling, containment and disposal due to their
oxic and corrosive nature. Owing to high reactivity, ease of
andling, recovery, low waste generation and environmental

riendliness, heterogeneous solid acid catalysts are emerging
s very attractive alternatives to the conventional homogenous
cidic reagents. Among various solid acid catalysts such as
eolites, clays and heteropolyacids, the sulfated metal oxides,
ased on zirconium oxide have emerged as powerful catalysts
ue to their super-acidity, high reactivity at low temperatures
nd reusability[1,2]. The ZrO2 when modified with sulfate ions
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results in a highly acidic material that exhibits superior cata
activity than that of 100% sulfuric acid in many catalytic re
tions [2,3–5]. However, the unsupported SO4

2−/ZrO2 catalys
suffers from the disadvantage of relatively small specific sur
area and thereby limited availability of the acid sites. The
‘superacid’ was first proposed by Conant in 1923 to describe
systems that are stronger than conventional mineral acids.
Gillespie defined the superacid as “an acid system stronge
that of 100% sulfuric acid, i.e., Ho≤ −12” [6].

Sulfated zirconia with a large specific surface area has al
been sought. The activity, selectivity and stability of sulfa
zirconia catalysts were also improved by the addition of n
metals and transition metal oxides such as Ni and Fe[7–9]. In
some instances, it has been claimed that metal promoter i
essary in order to produce acid sites by for example, hydr
spillover that generate Brønsted acid sites[10–12]. Approache
like making mesoporous zirconia systems[13], supporting sul
fated zirconia into the pores of ordered mesostructured mat
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[14] and other[15,16] methodologies have been attempted to
overcome the problems associated with unsupported catalysts.
Although mesostructured sulfated-zirconia materials have been
successfully synthesized, their catalytic activities forn-butane
isomerization were still relatively low or similar to that of
conventional sulfated zirconia catalysts[17,18]. The incorpora-
tion of SO4

2−/ZrO2 into the pores of mesostructured materials
has successfully generated catalysts which show stronger acid
strength than that of the parent materials. However, the success is
very limited since SO42−/ZrO2 blocks some of the pores and the
specific surface area of the materials is thus significantly reduced
[19]. In some cases, mesoporous materials modified by sulfated
zirconia showed lower acid strength than that of conventional
SO4

2−/ZrO2 catalysts[20].
Other reliable techniques adopted in order to improve the

catalytic performance of sulfated zirconia catalysts include
forming mixed oxides of zirconia with other transitional and
non-transitional metals and sulfating them. Some mixed oxides
exhibited strong surface acidity (Brønsted or Lewis) due to the
generation of excess negative or positive charge in the model
structure of the binary oxides. For example, the SiO2–ZrO2 [21]
and Al2O3–ZrO2 [22] combinations lead to very strong acidic
properties, whereas TiO2–ZrO2 was not only a strong acid, but
also had a distinct basicity[23,24]. Recently, SnO2 [25] and
Ga2O3 [26] incorporated ZrO2 and promoted with sulfate ions
were also reported which show good acidic properties and an
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2. Experimental

2.1. Catalyst preparation

The SO4
2−/CexZr1−xO2 (SCZ) catalyst was prepared by

adopting a two-step route. In the first stage Ce–Zr hydroxide
gel was prepared and in the second stage sulfate ions were
impregnated over its surface. The Ce(OH)4–Zr(OH)4 (1:1 mole
ratio based on oxides) was obtained by precipitating a mixture
solution of ammonium cerium nitrate [(NH4)2Ce(NO3)6·6H2O]
and zirconium nitrate [Zr(NO3)4·6H2O] with dilute aqueous
ammonia solution (pH 8) under vigorous stirring. Thus, obtained
precipitate was filtered, washed and then dried at 373 K for 12 h.
The uncalcined hydroxide gel was sulfated by adding a measured
volume of 0.5 M H2SO4 solution, so as to reach the equivalence
of 5 ml of pure H2SO4 per gram of Ce(OH)4–Zr(OH)4 gel. This
process was performed under mechanical stirring (shaker) and
maintained for 1 h, subsequently dried at 393 K for 3 h and cal-
cined at 923 K for 4 h. The finished catalyst was activated at
523 K for 5 h in vacuum before catalytic runs. An unpromoted
CexZr1−xO2 (CZ) solid solution was also prepared for compar-
ison purpose by calcination of the hydroxide gel at 923 K for
4 h.

2.2. Catalyst characterization
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Among zirconia based mixed oxides, the CeO2–ZrO2 com-

ination has emerged as a fascinating catalytic materia
ttracted much attention recently owing to their superior
en storage/release and redox properties[27]. The incorpora

ion of zirconium cations into the ceria unit cell or vice ve
odifies the surface acid–base sites, as the exposed Ce4+ and
r4+ ions act as Lewis acid sites and O2− ions as Brønste
r Lewis base sites. Both CeO2 and ZrO2 exhibit the sam
etal–oxygen stoichiometry but possess different ionic ch

ers. Cerium oxide is considered to be more ionic than zirco
xide. The acid strength of the mixed oxides varies depen
n the charge to radius ratio of the cations as well. The4+

on has an ionic radius of 0.84̊A, which is smaller than that o
e4+(0.97Å) and is expected to generate strong acid site

heir solid solutions[28]. Moreover, surface hydroxyl grou
ould be generated due to dissociative adsorption of wat
ighly polar M1 O M2 bonds. In this direction, we were inte
sted to investigate the effect of sulfation on the physicoche
haracteristics of CeO2–ZrO2 solid solutions, and to explo
heir acidic properties. In the present study, the Ce–Zr
olution hydroxide gel was synthesized by a homogenou
recipitation method and impregnated with sulfate ions to o

he novel SO42−/CexZr1−xO2 solid superacid catalyst. The p
ared catalyst and its precursor were characterized by m
f X-ray diffraction (XRD), thermal analysis (TGA/DTA), BE
urface area, Raman spectroscopy (RS) and NH3-temperatur
rogrammed desorption (TPD) techniques. The catalytic a

ty of the SO4
2−/CexZr1−xO2 sample was evaluated in the liqu

hase for an interesting three-component Mannich type rea
t room temperature under solvent free conditions.
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Powder X-ray diffraction (XRD) patterns were recorded
Siemens D-5000 diffractometer, using Ni-filtered Cu�

0.15418 nm) radiation source. Crystalline phases were
ified by comparison with the reference data from Internati
entre for Diffraction Data (ICDD) files. The BET surfa
reas were measured by N2 adsorption at liquid N2 temper-
ture using a Micromeritics Gemini 2360 instrument. Ra
pectra were obtained on a DILOR XY spectrometer equi
ith a liquid nitrogen cooled CCD detector. The emission lin
14.5 nm from an Ar+ ion laser (Spectra Physics) was focu
n the sample under the microscope, and width of the

yzed spot was∼1�m. The power of the incident beam on
ample was 3 mW. The wavenumber values reported from
pectra are accurate to within 2 cm−1. The NH3-temperatur
rogrammed desorption (TPD) measurements were carrie
n an Autochem 2910 instrument (Micromeritics, USA), in

emperature range 373–873 K at 10 K min−1 ramp. A therma
onductivity detector was used for continuous monitorin
he desorbed ammonia and the areas under the peaks we
rated using GRAMS/32 software. Prior to TPD studies,
ample was pretreated at 473 K for 1 h in a flow of ultra p
e gas (40 ml min−1). After pretreatment, the sample was sa

ated with 10% ultra pure anhydrous ammonia gas (balanc
5 ml min−1) at 353 K for 2 h and subsequently flushed w
e (60 ml min−1) at 373 K for 2 h to remove the physisorb
mmonia.

.3. Activity studies

All chemicals used in this study were commercially av
ble. All the reactions were carried out in the liquid phase b
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mode taking the mixture of reactants and the catalyst in a round
bottom flask and stirred at room temperature under nitrogen
atmosphere for appropriate times. Completion of the reaction
was monitored by TLC. After completion of the reaction, cata-
lyst was recovered by simple filtration, and reused. The products
were recovered from the filtrate, concentrated on a rotatory evap-
orator and chromatographed on a silica gel column to afford pure
products (isolated yields). NMR and mass spectroscopic tech-
niques were used to analyze the products and compared with the
authentic samples.

3. Results and discussion

The temperature stability of the samples prepared in this
study was investigated by TGA/DTA method. The obtained ther-
mograms of uncalcined CZ and SCZ samples are presented in
Fig. 1. The thermogram of the Ce–Zr hydroxide gel exhibits one
prominent (∼373 K) and two less prominent (∼473 and 573 K)
weight loss peaks. The major peak in the low-temperature region
is due to the loss of physisorbed water, while the other two
minor peaks are due to dehydration of water from micropores
and subsequent dehydroxylation of the sample, respectively. In
the case of sulfated sample, loss in weight between ambient
to 923 K is nominal. At high temperatures beyond 923 K, two
major weight loss regimes are observed (903–1103 K), which
c ps at
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i bil-
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(

Table 1
BET surface area, crystallite size and total acidity of CexZr1−xO2 and
SO4

2−/CexZr1−xO2 samples calcined at 923 K

Sample Surface area
(m2 g−1)

Amount of ammonia
desorbed (ml g−1)

Crystallite
size (nm)

CexZr1−xO2 84 1.35 4.5a

SO4
2−/CexZr1−xO2 126 19.98 n.d.b

a From XRD measurements.
b Not determined due to composition heterogeneity.

sulfate species when compared to that of ZrO2 alone. Our ear-
lier study also revealed similar type of weight loss peaks in the
case of SO42−/Al2O3–ZrO2 samples indicating the decomposi-
tion of different surface sulfate species at higher temperatures
when compared to that of SO4

2−/ZrO2 sample[22]. Thus, the
thermogravimetry studies reveal that ceria enhances the thermal
stability of the SO42−/ZrO2 catalyst.

The as synthesized Ce(OH)4–Zr(OH)4 hydroxide gel exhib-
ited a high specific surface area of 162 m2 g−1. However, upon
calcination at 923 K a drastic decrease in the surface area
(84 m2 g−1) due to crystallization of the sample is observed.
The sulfate ion impregnated sample calcined at 923 K exhibited
a BET surface area of 126 m2 g−1 (Table 1). This is in agree-
ment with previous literature reports where impregnated sulfate
ions were found to enhance the surface area of the ZrO2 when
compared to that of other promoters such as Cr-, Mo-, W-oxides
[22,29,30]. The increase in the surface area of sulfated samples
is due to the formation of porous surface sulfate compounds
between the sulfate species and the supporting oxides[30].

The powder X-ray diffraction patterns of CZ and SCZ sam-
ples calcined at 923 K are shown inFig. 2. The unpromoted CZ
sample exhibits broad diffraction patterns due to small particle
size (Table 1) and poor crystallinity. Nevertheless, diffraction
patterns attributable to a Ce0.5Zr0.5O2 (PDF-ICDD 38-1436)
phase could be identified from the XRD analysis indicating the
formation of solid solution between Ce- and Zr-oxides. As can
b nd

F -
p
(
Z

an be attributed to decomposition of surface sulfate grou
igher temperatures. This observation indicates the prese
t least two types of surface sulfate species in the case o
ample. It is a known fact in the literature that when zirco
s mixed with other oxides, which influence the thermal sta
ty of the resulting, sulfated materials. Recently, Signoret
l. [26] reported that incorporation of gallium oxide into zirc
ia increases the thermal stability of the impregnated su

ig. 1. TGA/DTA profiles of (a) Ce(OH)4–Zr(OH)4 and (b) SO4
2−/Ce

OH)4–Zr(OH)4 samples before calcination.
e noted fromFig. 2 that the diffraction patterns of CZ a

ig. 2. XRD patterns of CexZr1−xO2 (CZ) and SO4
2−/CexZr1−xO2 (SCZ) sam

les calcined at 923 K. Peak legends is as follows: (#) lines due to Ce0.5 Zr0.5O2;

©) lines due to Ce0.16Zr0.84O2; (c) lines due to Zr(OH)2SO4; (∧) lines due to
r(SO4)2; lines due tot-ZrO2; (*) lines due tom-ZrO2.
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SCZ samples differ very much indicating a strong influence
of the impregnated sulfate ions. Close inspection of the XRD
patterns pertaining to the SCZ sample reveal changes in the
composition of the CexZr1−xO2 phase and formation of zirco-
nium sulfates. An interesting observation to be noted is that CZ
sample exhibits diffraction patterns due to a cubic Ce0.5Zr0.5O2
solid solution, while a tetragonal Ce0.16Zr0.84O2 (PDF-ICDD
38-1437) phase could be identified in the case of SCZ sample.
As per the literature, the presence of sulfate ions retards the
crystallization process in the case of SO4

2−/ZrO2 samples and
stabilize the tetragonal ZrO2 modification[29]. Under identi-
cal calcination conditions, sulfated samples displayed a smaller
crystallite size and increased amounts of tetragonal phase, in
contrast to the corresponding non-sulfated samples[22]. This
is primarily due to the influence of impregnated surface sul-
fate groups, which prevent the phase modification in the surface
region from undergoing transformation[30,31]. It appears from
the present study that sulfate ions exhibit similar influence on
the ceria–zirconia mixed support. As can be noted from the
diffractograms that the characteristic peaks corresponding to
tetragonal zirconia (2θ = 30◦, 35◦) are more intense than that of
monoclinic zirconia phase (2θ = 28◦, 31◦). The interaction of sul-
fate groups with mixed oxide supports leading to the formation
of surface sulfates have been observed and change depending
on the type of mixed oxide employed. In the case of sulfated
titania–zirconia[32] formation of both Ti(SO ) and Zr(SO)
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Fig. 3. Raman spectra of CexZr1−xO2 (CZ) and SO4
2−/CexZr1−xO2 (SCZ) sam-

ples calcined at 923 K.

This band arises due to the perturbation of local MO bond sym-
metry generated by oxygen vacancy. The appearance of week
bands at 267 and 309 cm−1 could be attributed to the displace-
ment of oxygen atoms from their ideal fluorite type lattice of
cerium oxide[34,36]. Upon impregnating with sulfate ions, a
drastic change in the Raman scattering pattern of the sample
could be noted. As can be noted fromFig. 3 that the intensity
of the RS band observed for CZ sample at 472 cm−1 decreased
substantially in the case of sulfated sample. This indicates a
significant change in the normal structure of the CeO2–ZrO2
solid solution. Furthermore, there is a gain in the intensity of
the band at∼630 cm−1 upon sulfation which corresponds to
an increase in the disorder in CeZr O bonding and oxygen
vacancies, as discussed earlier. Noticeably, this is accompanied
by the appearance of several other bands in the Raman spec-
trum of the SCZ sample. Interestingly, the zirconia features are
not observed in the case of unpromoted CZ, but all zirconia
related bands become obvious in the SCZ sample at the expense
of cerium oxide features, indicating a very strong interaction of
surface sulfate species with zirconia portion of the ceria–zirconia
mixed oxide. The typical Raman bands due to tetragonal ZrO2
are observed in the 150–700 cm−1 region. Strong bands at 268,
∼460 and 648 cm−1 together with a shoulder at 605 cm−1 and
smaller features around 312, 382 and 560 cm−1 are indicative for
the tetragonal modification of zirconia. A sharp doublet observed
at 178 and 189 cm−1 along with a sharp peak at 473 cm−1 are
i
p s are
i n in
t s
i nia
m ture
2 4 3 4 2
ere noted. However, in the case of SO4

2−/Al2O3–ZrO2 sam-
le only lines pertaining to the tetragonal zirconia phase

dentified[22]. In the case of SO42−/CeO2–ZrO2 sample line
ue to a different type of surface zirconium sulfates nam
irconium sulfate hydroxide [Zr(OH)2SO4] (PDF-ICDD 26-
001) and zircosulfate [Zr(SO4)2] (PDF-ICDD 08-0495) coul
e manifested. No XRD lines pertaining to cerium sulfate c
ounds are observed. Similar findings were reported by G
l. [33], who prepared SO42−/CeO2 sample by macerating ce
anoparticles in sulfuric acid solution and obtained CeO2 par-

icles with strongly bonded SO42− groups on the surface. Th
RD patterns revealed characteristic peaks of ceria with no
ation of cerium sulfate formation. It can be pointed out f
he XRD patterns of the current SCZ sample that both tetr
al and monoclinic phases of zirconia are present and the fo
ave gained more intensity.

Raman spectroscopy continues to be a powerful tool in c
sis in order to elucidate the structure of the active metal ox
upported on various catalytic support materials. To follow
hanges in the structure due to sulfate modification, and to o
dditional structural information, Raman spectra of both s
les were obtained.Fig. 3 represents the Raman spectra of
Z and SCZ samples calcined at 923 K. The Raman spectr
Z sample exhibits typical bands due to CexZr1−xO2 solid solu-

ion at 472, 630, 309, 267 cm−1. Pure cerium dioxide exhibi
trong band at 465 cm−1,which corresponds to the symme

Ce O stretching mode. This band appears at about 470−1

or CeO2 ZrO2 (1:1 mole ratio) samples[34]. The Raman spe
ra of the CZ sample shows additional week bands at∼630, 309
nd 267 cm−1. The band observed at∼630 cm−1 correspond

o the non-degenerate Raman inactive LO mode of ceria[35].
ndicative for the presence of monoclinic zirconia[37]. The
eaks pertaining to tetragonal and monoclinic modification

n agreement with the XRD measurements. It is well know
he literature[37–40] that doping of zirconia with sulfate ion
nhibits the formation of low-temperature monoclinic zirco

odification and leads to the stabilization of high-tempera
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Fig. 4. Ammonia-TPD profiles of CexZr1−xO2 (CZ) and SO4
2−/CexZr1−xO2

(SCZ) samples calcined at 923 K.

tetragonal phase. In the present study we observed the same
phenomena in the case of sulfate ion promoted ceria–zirconia
sample. The RS bands due to surface sulfates are visible in the
range of 1000–1100 cm−1(Fig. 3). The presence of bands in the
Zr–O–S stretching region[41] at 1017, 1050 and 1032 cm−1

indicate the existence of more than one type of surface sulfate
species, in line with XRD analysis[42], and support the forma-
tion of [Zr(OH)2SO4] and [Zr(SO4)2]. The bands observed at
1068 and 1079 cm−1 could be tentatively assigned to stretching
mode of surface sulfate groups connected to Ce. The substantial
reduction in the intensity of the band at 472 cm−1 correspond-
ing to the cubic fluorite type lattice of cerium oxide occurs upon
sulfate modification and the zirconia related bands gain intensity
showing a preferential interaction of the sulfate promoter with
the zirconia portion leading to the formation of surface sulfates
which have been revealed by the Raman spectroscopy study.

The TPD profiles of CZ and SCZ samples calcined at 923 K
are shown inFig. 4. Sulfate groups can generate strong acid-
ity, when adsorbed on the mixed oxide supports. Sulfate species
themselves are Lewis acids or by attracting electrons they gen-
erate Lewis acid centers on the oxide surfaces. These Lewis acid
sites increase the Brønsted acid strength of the surface hydroxyl
groups present on the surfaces. Further, the chemical states of
the sulfate groups sometimes determine the acidity of the oxide
surfaces. Calcination at higher temperatures leads to change in
ionic to covalent character with SO bond order close to 2, which
i n the
o uous
N ying
a SCZ
s acid
s in the
a s
t cidic
p onia
d orp-
t ple.
T pres-
e ngth.

Table 2
SO4

2−/Cex-Zr1−xO2 catalyzed three-component Mannich type reactions

Entry Amine Aldehyde Ketone Isolated
yield (%)

1 82

2 70

3 73

4 72

5 83

6 80

In addition to this broad peak, two high temperature desorp-
tion peaks are also observed at 857 and 870 K, respectively. The
formation of superacid sites could be responsible for the obser-
vance of these high temperature desorption peaks in agreement
with literature reports[43]. The position of ammonia desorption
peak corresponding to the super-acidic sites is influenced by the
nature of the mixed oxide with zirconia. In the case of sulfated
alumina–zirconia and sulfated titania–zirconia samples a single
high temperature desorption peak was observed at about 873 K
[32,44]. However, in the case of sulfated ceria–zirconia sample
s responsible for generating strong acidic active centers o
xide surfaces. The profile of CZ sample reveals contin
H3 desorption in the 400–700 K temperature range, signif
broad distribution of surface acid sites. The TPD profile of
hows a different pattern signifying a marked increase in the
trength and its distribution as there is a dramatic increase
mount of desorbed ammonia (Table 1). This clearly indicate

hat impregnated sulfate groups strongly influence the a
roperties of ceria–zirconia mixed oxides. A broad amm
esorption profile in the range 500–750 K with highest des

ion around 580 K could be noted in the case of SCZ sam
his broad peak can be considered as an indication for the
nce of high concentration of acid sites with moderate stre
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Scheme 1.

two close peaks at 857 and 870 K are noted. These observed high
temperature peaks represent two different types of superacid
sites with slightly differing their super-acidity.

The Mannich reaction is one of the most important methods in
the preparation of�-amino carbonyl compounds and has wide
applications in organic synthesis[45,46]. Mannich bases and
derivatives such as, 1,3-amino alcohols, or Michael accepters,
which are easily formed from Mannich bases are particularly
versatile synthetic intermediates and find great use in, for exam-
ple medicinal chemistry[47]. Several methods using a variety
of Lewis acids in anhydrous conditions have been reported
[48–52]. However, many of these methods involve toxic and
hazardous Lewis acids including TiCl4 in chlorinated solvents,
which is not favorable from environmental point of view. Thus,
in recent times a number of procedures using less hazardous
Lewis and Brønsted acids in aqueous media have been developed
[53–56]. In this study we successfully synthesized the�-amino
carbonyl compounds by employing SO4

2−/CeO2-ZrO2 cata-
lyst (Scheme 1). In a typical reaction procedure benzaldehyde
(0.53 g), aniline (0.47 g) and cyclohexanone (1.9 g) were taken
in a 10 ml round bottomed flask (1:1:4 mole ratio of benzalde-
hyde, aniline and cyclohexanone), 0.1 g of SO4

2−/CexZr1−xO2
catalyst (20 wt.% with respect to the weight of benzaldehyde)
was added to the reaction mixture. The reaction mixture was
stirred in nitrogen atmosphere, under solvent free conditions
and at room temperature. After the completion of the reaction
( ction
m xces
a prod
u alys
w cled
t ge in
t gres
s mbe
o wee
b ooth
t n
w mol
r cat
a was
n tha
o ased
w ondi
t in th

lower yield of product, presumably due to the decreased sta-
bility of imines formed in the reaction. Hence, all the other
examples were carried out under solvent free conditions and at
303 K. As can be noted fromTable 2, in all reactions with various
substituted aldehydes and amines, the corresponding Mannich
bases were produced in good yields in short reaction times, in
line with the observed strong acid sites of the sulfate promoted
ceria-zirconia catalyst. The unpromoted CZ sample exhibited
negligible activity under the identical reaction conditions, which
clearly signifies the involvement of solid superacid sites in this
reaction.

4. Conclusions

A novel solid super-acidic SO42−/CexZr1−xO2 catalyst was
prepared from the uncalcined cerium-zirconium hydroxide gel
obtained by a coprecipitation method and impregnating with sul-
furic acid. The physicochemical characterization of the synthe-
sized catalyst was carried out using various techniques including
Raman spectroscopy and ammonia-TPD. The sulfate promoted
ceria-zirconia catalyst exhibited good structural stability up to
913 K, above which thermal decomposition of surface sulfates
occurs. The powder XRD and Raman spectroscopic results
revealed a strong interaction of the sulfate ions with zirconia
leading to the formation of surface sulfates, accompanied by
the formation of a tetragonal Ce Zr O phase. Sulfation of
C into
s cs of
C nia-
T ixed
o cata-
l sses
o ized
S ze
t pera-
t ions,
h f the
a

A

rial
R llow-
s

monitored by TLC), 10 ml of acetone was added to the rea
ixture and the catalyst was separated by filtration. The e
cetone was removed by using rotatory-evaporator and the
ct was purified by column chromatography. The wet cat
as washed with dichloromethane many times, and recy

o test the reusability of the catalyst. No appreciable chan
he reactivity was observed for 2–3 runs. However, a pro
ive decrease in the activity was noticed with increasing nu
f cycles. The three-component Mannich-type reaction bet
enzaldehyde, aniline and cyclohexanone proceeded sm

o afford 82% of product, with ad:l ratio of 82:18. Same reactio
as carried out with dichloromethane as a solvent and 1:1:2

atio of benzaldehyde, aniline and cyclohexanone, with 20%
lyst (with respect to weight of the benzaldehyde). There
o appreciable change in the yield of product compared to
f solvent free reaction. However, the reaction time incre
hen solvent was used for the reaction under identical c

ions. The increase in the reaction temperature resulted
s
-

t
,

-
r
n
ly

e
-

t

-
e

0.16 0.84 2
e–Zr hydroxide gel, and calcination at 923 K, resulted
ignificant changes in the physicochemical characteristi
eO2–ZrO2 mixed oxide and its acidic character. The ammo
PD experiments showed that sulfation of ceria–zirconia m
xide can lead to the formation of super-acidic sites in the

yst, while the unpromoted ceria–zirconia mixed oxide posse
nly a broad distribution of week acid sites. The synthes
O4

2−/CexZr1−xO2 catalyst was found to efficiently cataly
he three-component Mannich type reaction at room tem
ure. Mild reaction temperature under solvent free condit
igh yield of products and shorter reaction times are some o
dvantages associated with these protocols.
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