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a  b  s  t  r  a  c  t

A  series  of  non-periodic  mesoporous  silicas  impregnated  with  both  framework  and  nanocrystalline  sul-
fated  zirconia  was  prepared  by  a sol–gel  process  using  an  ionic  liquid  as  a template.  The  physico-chemical
properties  of the  mesoporous  sulfated  zirconia  materials  are  described.  Analysis  of  the new  silicas  indi-
cates  isomorphous  substitution  of  silicon  with  zirconium  and  reveals  the  presence  of extremely  small
(<10  nm)  polydispersed  zirconia  nanoparticles  in  the  materials  with  zirconium  loadings  of  28–41  wt.%.
The  materials  with  higher  zirconium  loadings  catalyse  the  Meerwin–Ponndorf–Verley  reductions  of  alde-
hydes  and  ketones  for  substrates  with  hydrogen-bond  basicities,  pKHB >  1.10.  In order  to  explain  the
riend.

eywords:
esoporous silica

ulfated zirconia
ne-pot

catalytic  activity,  analysis  of  the  acid  sites  of  the  materials  using  pyridine  as  a probe  molecule  reveals
that  in  all  cases  the  majority  are  Bronsted  acid sites,  with  only  a small  number  of Lewis  acid  sites  present
in  those  materials  with  low  zirconium  loadings.

© 2011 Elsevier B.V. All rights reserved.
atalysis

. Introduction

The interest in sulfated zirconia in particular, and the sulfated
etal oxides in general, stems in part from the observation that

elatively mild sulfating procedures, followed by calcination, dra-
atically increase the surface area, surface acidity and the catalytic

ctivity for reactions involving carbenium ion intermediates. ZrO2
s an amphoteric oxide with a monoclinic structure at room tem-
erature [1],  which changes reversibly to tetragonal [2] and then
ubic (distorted fluorite) modifications at higher temperatures. In
ontrast, the sulfation treatment cracks the sample into a high-
urface area and strongly acidic tetragonal sulfated ZrO2 material
3].

The structure of the sulfated surface remains the subject of con-
ecture. Bear and co-workers reported the structures of a series
f zirconium sulfates in the late 1960s [4–11]. Typically, these
olids contain ZrO7 or ZrO8 polyhedra, linked by SO4

2− tetrahedra
12–14]. Sulfated zirconia has been suggested to contain surface
ayers of pyrosulfates or monosulfates, depending on the sulfur
oading, as well as (ZrO)3S O groups, and the involvement of

djacent surface-bound water molecules with the sulfate species
15–17].

∗ Corresponding author. Tel.: +61 293512581; fax: +61 293513329.
E-mail address: th.maschmeyer@chem.usyd.edu.au (T. Maschmeyer).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.08.003
Perhaps paradoxically, although there is a considerable indus-
trial need for green superacid catalysts, in particular to replace the
chlorinated aluminium oxide and aluminium trichloride used in
isomerisations, alkylations and hydrations, there are relatively few
effective solid superacid catalysts [18,19]. Solid superacids, capable
of operating as proton exchange membranes at elevated temper-
atures, are also desirable materials for incorporation in fuel cells
[20].

However, in industrial practice, sulfated zirconia, although an
effective solid acid catalyst, is not cheap, is subject to deactiva-
tion by coke formation, and catalysts can be difficult to regenerate
[21,22]. The contrary drivers of promise and limitations, as well
as the recognition that the properties of sulfated zirconia are
highly dependent on the synthetic precursors and method [22],
have inspired a large number of synthetic strategies directed at
higher catalytic activities and greater chemical stability, frequently
by increasing the surface area and/or maximizing the fraction of
zirconium atoms available to reactants [23]. These attempts fall
predominantly into eight main categories: additives (e.g., Pt, WO3)
can be doped or added to the sulfated zirconia, sulfated zirconia can
be supported on high surface area oxides (mainly SiO2), high surface
area zirconia can be prepared and sulfated, the sulfated zirconia can
be prepared as a mesoporous solid [24], or as nanoparticles, either

unsupported or supported on high surface area oxides, or zirconium
can be substituted into high surface area oxides (e.g., silicalite [25],
APO-5 [26], MCM-41 [27–29],  SBA-15 [30–35],  MCM-48 and meso-
porous oxides [36,37]) and molecular zirconium precursors [38]

dx.doi.org/10.1016/j.cattod.2011.08.003
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:th.maschmeyer@chem.usyd.edu.au
dx.doi.org/10.1016/j.cattod.2011.08.003
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an be grafted onto suitable solids. Several microporous crystalline
irconium silicate zeolitic materials have been reported (e.g., MFI
ith 300 > Si:Zr > 50) [39].

Porous ZrO2 aerogels can be prepared with surface areas in the
ange 100–200 m2/g, but these materials readily sinter at tem-
eratures in excess of 400 ◦C, their surface areas decreasing as
hey transform to the monoclinic and metastable tetragonal phases
40]. The synthesis of mesoporous zirconia, which might then be
ulfated, was attempted soon after the reports of mesoporous sil-
ca [41–45].  However, these materials were often amorphous and
heir pore structures were frequently unstable and collapsed in the
bsence of the structure-directing template [46]. Mesoporous zir-
onia can be stabilised by the presence of sulfate groups, but this
aterial also frequently collapses when heated above 400 ◦C [47].

rO2 can also be deposited on the walls of mesoporous SBA-15 [48].
An alternative approach to mesoporous zirconia has been the

eplicate method, in which ZrO2 is formed within the pores of the
hard template”, SBA-15, which is then removed by leaching with
queous sodium hydroxide, leaving a crystalline, porous tetragonal
rO2, in which the existence of Si–O–Zr crosslinks are suggested to
tabilise the mesoporous structure of the crystalline material [49].
e et al. have recently reported the preparation of a mesoporous
rO2 with improved thermal stability (to 700 ◦C) by heating the
reshly prepared material in its mother liquor at 110–150 ◦C before
alcination. Nevertheless, the BET surface areas of these meso-
orous materials were only moderate (85–269 m2/g) and their
hermal stabilities, although an improvement, did not match those
f silicon-based MCM-41, nor were they treated with sulfate [50].
urthermore, nanocrystalline ZrO2 with crystalline walls consisting
ainly of tetragonal ZrO2 and containing macro- and mesopores

as been reported recently [51].
Alternatively, a triblock copolymer can be used to synthesise

rystalline cubic ZrO2 nanoparticles of about 7 nm diameter which
elf-assemble into a mesoporous structure [52]. This material can
e sulfated and the Lewis acidity of the sulfated material demon-
trated by its ability to catalyse the benzylation of mesitylene at
5 ◦C. Other recent examples of nanostructured sulfated ZrO2 are
repared by precipitation in the presence of structure directing
gents such as hexadecyltrimethylammonium bromide, Pluronic
23 and Brij-56 [53]. These materials have been used as catalysts
or the isomerisation of n-butane [54].

Recently, zirconium has been incorporated into the worm-like
esoporous material, TUD-1, giving stable catalytic materials with

nhanced acidity [55,56]. Similarly, Zr can be incorporated into
BA-15 as both isolated Zr centres within the framework and (at
igher Zr loadings) as small aggregates on the pore walls [57].
his material catalysed the pinacol rearrangement. Other examples
ave been reported in which Zr is incorporated in SBA-15 [35,58].
imilarly, ZrOCl2·8H2O and TEOS can be hydrolysed in the pres-
nce of NaCl and the triblock copolymer P123 to produce, after
ging, calcination, impregnation with H2SO4 and recalcination, an
rdered mesoporous silica, similar to SBA-15, with nominal Si/Zr
atios between 2 and 5 [59].

Mesoporous materials are often effective catalysts or catalyst
upports. However, few catalytic reactions require that the pores
e regularly ordered. Since, in the case of ZrO2-derived materials,
egular pore ordering of mesoporous materials frequently leads to
hermally unstable materials, and given the high costs of the tem-
lates used in these syntheses, a more general strategy in catalyst
yntheses is to concentrate on the mesoporosity, rather than the
ore ordering, of the catalytic materials.

On the basis of our recent demonstration that ionic liquids could

e used to prepare high surface area silicas with a sponge-like, 3-
imensional topology [60], as well as to stabilise metal chalcoginide
anoparticles [61], we reasoned that ionic liquids might be suit-
ble media for the single-pot preparation of thermally stable, high
ay 178 (2011) 187– 196

surface area mesoporous supported sulfated zirconia either as sup-
ported nanocrystals or with silicon isomorphically substituted by
zirconium. We  were also encouraged by the report of the incor-
poration of Zr into TUD-1 [55,56,62],  although these materials had
not been sulfated. Recently, Natalie et al. have reported a novel
synthetic method, based on the copolymerisation of methacrylate-
functionalised silica monomers and zirconium tetramers, to form
mixed oxide materials of ZrO2 dispersed in an SiO2 matrix [63].
The acid/base properties of materials with high and low zirconium
contents (Zr/Si atomic ratios of 1:2.5 and 1:20, respectively) were
investigated by infrared spectroscopy. They concluded that under
appropriate heating conditions, the acidic properties of hydrogen-
bonded pairs of silanol groups were modified by the presence of
ZrO2, and that more acidic sites were present in samples with the
higher zirconium content. It is of interest, therefore, to examine
how these variations in acidity can be further modified by sulfating
the zirconia and how the combination of higher zirconium loading
and sulfating affects catalytic activity in a mesoporous material.

Our investigations into single-pot preparations of high surface
area mesoporous SiO2 support, impregnated with sulfated ZrO2,
and the characterisation and catalytic behaviour of the new mate-
rials in the Meerwin–Ponndorf–Verley reductions of aldehydes and
ketones, are described herein.

2. Experimental

2.1. Materials

Zirconyl chloride octahydrate, tetraethoxysilane (TEOS),
tetraethylammonium hydroxide, hydrofluoric acid (48 wt.% in
water), (all Sigma Aldrich), boric acid, hydrochloric acid (35%)
(all Merck), and nitric acid (70%) (Univar) were all used without
further purification. Silicon (1000 ppm) and zirconium (1000 ppm)
standards for ICP analysis were obtained from Choice Analytical.
1-Hexadecyl-3-methyl-imdazolium bromide was prepared using
a reported procedure [64].

2.2. Instrumentation

The nitrogen sorption isotherms at 77 K were measured using a
Micromeritics ASAP2020 Surface Area and Porosity Analyzer. The
data were obtained by liquid nitrogen adsorption and desorption
at various nitrogen partial pressures and were analysed by the BJH
(Barrett–Joyner–Halenda) and the BET (Brunauer–Emmett–Teller)
methods. The pore size distribution curve was derived from the
analysis of the adsorption branch of the isotherm.

Powder X-ray diffraction patterns were collected on a PAN-
alytical X’Pert PRO X-ray diffractometer using Cu K� radiation
and a PIXcel solid-state detector. Low angle diffraction patterns
were recorded in a continuous mode over the range of 1–10◦ 2�
using a step size of 0.040◦ 2� with a count time/step of 26 s. Wide
angle diffraction patterns were recorded in the continuous scan-
ning mode over the range 10–70◦ 2� using a step size of 0.0131◦ 2�
with a count time/step of 300 s.

Metal and silicon concentrations were determined by ICP anal-
yses, which were performed on a Varian Vista AX ICP-AES. The
samples were prepared in the following manner. To a silica sample
in a polyethylene bottle (20–30 mg,  dried for 12 h at 100 ◦C) were
added concentrated HNO3 (1 mL)  and HF (2.5 mL,  48 wt.%) and this
mixture was  stirred at room temperature for 8 h. Then a saturated
boric acid solution (20 mL)  was  added. The resulting solution was
then diluted to 50 mL  with deionised water.
Diffuse reflectance UV–Vis spectra were recorded using a Cary
5E UV–Vis–NIR spectrophotometer in diffuse reflectance mode
using an integration sphere. Reflectance data were converted to
absorbance using the Kubelka–Munk method (arbitrary units).
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Visible Raman spectroscopy was performed using a Renishaw
nVia Raman microscope fitted with a 25 mW 488 nm excitation
ource, 1800 l/mm grating, and measured using a 50× objective.
aman spectra were recorded using a Bruker MultiRAM Raman
pectrometer with a Nd YAG laser at 1064 nm.  Spectra were
cquired using a laser power of 500–1000 mW and 500–5000 scans
nd were sample dependent. The spectra were measured using a
iquid N2 cooled Ge detector with a resolution of 4 cm−1.

Infrared spectroscopy was performed using a Bruker IFS 66v
nfrared spectrometer equipped with a KBr beam splitter. Data

ere collected over a spectral range of 1000–375 cm−1 using a
ike Miracle Single Bounce ATR accessory. The internal reflection
lement was a composite diamond KRS5 crystal. Spectra were
ecorded with co-addition of 32 scans at a spectral resolution of

 cm−1.
Transmission electron micrographs were recorded digitally

ith a Gtan slow-scan charge-coupled device (CCD) using a Phillips
M120 Biotwin electron microscope operating at 120 kV. The sam-
les were prepared by dispersing the powder products as an
thanol slurry, which was then deposited and dried on a holey
arbon film on a Cu grid.

High-resolution transmission electron microscopy (HRTEM)
as performed using a JEOL 3000F microscope operating at 300 kV.

pecimens for HRTEM studies were dispersed in ethanol, accumu-
ated on a copper holey carbon grid and dried at room temperature.
he specimens were additionally evaporated with carbon in order
o prevent excessive charging and decomposition of the sample
nder the electron beam. During the microscope session the objec-
ive lens voltage was adjusted to sufficiently high underfocus values
∼1000 nm).

X-ray photoelectron spectroscopy (XPS) measurements were
ade using a Specs spectrometer (Specs, Germany), equipped with
l X-ray source with monochromator operating at 200 W,  a hemi-
pherical analyser and a line delay detector with 9 channels. Survey
pectra were acquired for binding energies in the range 50–1200 eV,
sing a pass energy of 30 eV. O 1s, Zr 3p3/2 and Si 2s region spectra
ere acquired at a pass energy of 23 eV with 10 scans to obtain
igher spectral resolution (0.1 eV step) and lower the noise level.
pectra were analysed using CASA software.

Catalytic reactions were monitored with a Shimadzu GC-17A
as Chromatograph (GC) fitted with an SGE capillary column

BPX5, 30 m × 0.25 mm × 0.25 �m)  after including calibration with
esitylene as internal standard.
The nature of the acid sites was determined through the adsorp-

ion of pyridine onto the materials (dried at 110 ◦C for 24 h). This
as achieved by placing the silicas in a desiccator (using P2O5 as

he desicant) with a vial of pyridine for 72 h at room temperature.
fter this time the vial of pyridine was removed and the desic-
ator was evacuated and filled with N2. This process was repeated
ntil no pyridine persisted. The samples were then analysed using a
inkam FTIR600 environmental cell purged with N2 using a Bruker
ultiRAM Raman spectrometer with a Nd YAG laser at 1064 nm

800 mW and 2000 scans).

.3. Syntheses

Zirconium oxide was prepared by the addition of water to an
thanolic solution of zirconium butoxide such that the Zr:H2O was
:2. Immediately a white gel was formed. The sample was dried
nd calcined at 450 ◦C for 2 h. The surface area of this material was
ound to be 90.7 m2/g.

A typical synthesis of the mesoporous sulfated zirconia mate-

ials with various Si/Zr molar ratios was performed as follows:
-hexadecyl-3-methylimidazolium bromide (0.8 g, 2.23 mmol)
as dissolved in aqueous dilute HCl (25 mL,  2 M,  0.05 mol) and

o this solution was added TEOS (1.7 g, 8.16 mmol). The mixture
ay 178 (2011) 187– 196 189

was stirred at 40 ◦C for 4 h, and then the required amount of
ZrOCl2·8H2O was added to the stirred mixture. The resulting mix-
ture was  then stirred at 40 ◦C for 20 h. The mixture was then
transferred into an autoclave and heated at 100 ◦C for 2 days. The
pH of the synthesis gel was adjusted to 7.5 by drop-wise addition
of aqueous ammonia at room temperature. The resulting mixture
was hydrothermally treated at 100 ◦C for another 2 days. The final
solid was  collected by filtration, washed with water until no chlo-
ride was  detected in the washings, and dried at room temperature.
The solids obtained were impregnated with aqueous H2SO4 (0.5 M
25 mL)  at room temperature for 30 min. The sulfated samples were
then filtered, dried at 100 ◦C and calcined at 550 ◦C in air for 10 h.

2.4. General procedure for the Meerwin–Ponndorf–Verley
reductions

All reductions were performed under a nitrogen atmosphere
at 80 ◦C. SZ–SiO2 (8, 25 mg)  was added to a 2-neck flask prior to
the addition of 2-propanol (4 mL) and mesitylene (0.1 mL,  internal
standard) and the reaction mixture was heated to 80 ◦C. When the
desired temperature was reached, the ketone or aldehyde (2 mmol)
was added. The reaction was  monitored by taking small samples
(∼0.1 mL). The samples were centrifuged to remove the catalyst
and diluted with hexane prior to analysis by GC.

3. Results and discussion

The mesoporous silicas impregnated with sulfated zirconia
(2–9) were prepared using a modification of the method described
by Du and co-workers [59]. The method (schematically repre-
sented in Fig. 1) involved the hydrolysis of the silica precursor
(TEOS) in dilute HCl in the presence of the template 1-hexadecyl-
3-methylimdazolium bromide at 40 ◦C for 4 h after which time the
required amount of ZrOCl2·8H2O was added to achieve the desired
Si:Zr ratio. In addition, a purely siliceous material (1) was  prepared
using an identical process. This synthesis differs from that of Zr-
TUD-1 in that it does not proceed through silatrane intermediates
[65].

Zirconium oxychloride, used in these syntheses, is present as the
tetranuclear species [Zr4(OH)8(H2O)16]8+ in the crystal [66] and in
aqueous solution [67] at low pH. It has been shown that the more
acidic the solution, the less polymerisation to higher molecular
weight species occurs [68]. Hence, at pH ∼1 used herein, the zir-
conium species can be expected to be predominately the tetramer.
From the mechanistic point of view, it is likely that the synthesis of
mesoporous sulfated zirconia using [C16MIM]Br as the templating
agent is mediated by the presence of Br−/Cl− ions in the synthe-
sis mixture as was observed by Wong et al. in the analogous CTAB
templated system [32]. In such a case the synthesis was shown
to proceed by a S+X−I+ pathway [32], in which S+ stands for the
[C16MIM]  cation, X− for Br− anion and I+ for cationic zirconium
species [69].

Nitrogen adsorption–desorption isotherms recorded at 77 K
reveal classic Type IV curves which indicate the materials are
mesoporous in nature (Fig. 2). These materials have pore sizes
in the range of 2–50 nm, and the Type IV isotherms exhibiting
hysteresis indicate that capillary condensation is occurring during
the adsorption process. The surface area, pore volume and pore
size data of mesoporous sulfated silica–zirconia samples are pre-
sented in Table 1. The BET surface area and pore volumes show
the expected decreases with increasing zirconia content: the sur-

face areas decrease from 482 to 343 m2/g and the pore volumes
decrease from 1.34 to 0.43 cm3/g. The dramatic decrease in surface
area with increasing Zr loading indicates that pore blocking may be
occurring as ZrO2 nanoparticles are deposited into the pores of the
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observed in these materials. It has been shown that for calcination
temperatures greater than 480 ◦C there is a significant decrease in
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Fig. 1. Schematic representation of the syntheses of the SZ–SiO2 materials.

aterials. In addition to this, the very high Zr loadings in materi-
ls 6–9 may  have resulted in a collapse of the pore structure thus
iving rise to the observed decrease in the surface areas. The sil-
ca prepared without any zirconium added had a surface area of
09 m2/g and a pore volume of 0.82 cm3/g.

The ratio of zirconia to silica was measured using ICP-OES anal-
sis. As can be seen from Table 1 there is a significant loss of the
dded zirconium as a result of the washing process. In the case
f the SZ–SiO2 materials with the lowest Zr loadings (i.e. 2–5),
nly 31–49% of the added zirconium was incorporated into the

nal product. At the higher loadings, however, there is a signifi-
ant increase in the incorporation of the zirconium: the silicas 6–9

able 1
hysical properties of the prepared mesoporous sulfated zirconia–silica materials.

Sample Added Zr (wt.%) Zr loadinga (wt.%) Si/Zr (mol/mol) Sulfur loading

1 – – ∞ – 

2  2.2 1.0 148 0.1 

3 3.6  1.3 111 0.1 

4  7.9 2.4 60 0.3 

5  10.9 5.3 27 0.3 

6  25.0 15.4 7.8 0.7 

7  39.5 26.9 3.6 1.1 

8 45.0  27.8 3.4 1.2 

9 61.5  41.4 1.6 1.7 

a Determined by ICP-OES analysis.
b Determined by elemental analysis.
Fig. 2. Nitrogen adsorption (–)/desorption (· · ·) isotherms for the materials 1–9 at
77  K.

have incorporation levels of between 61 and 69%. As a consequence,
the zirconium loadings range from 1.0 to 41.4 wt.%.

Sulfur loadings were determined by elemental analysis of the
materials prepared. As expected, the sulfur content of the materials
increases with zirconium loading (Table 1). In the case of 5, the
sulfur loading is lower than expected and this may  indicate the
presence of larger ZrO2 domains, compared to that of 4, resulting
in a lower available surface area for sulfate coordination. However,
the amounts of sulfur are low for all materials, which indicates that
the concentration of zirconium at the surface is low. Consistent
with that interpretation, the surface sulfur densities range from 1
S atom/46 nm2 (2) to 1 S atom/1 nm2 (9), which can be compared
with the estimated 4 sulfate groups for each nm2 for a monolayer
of sulfate groups on tetragonal sulfated ZrO2 [70]. In the present
work the highest sulfur loading is 1.69 wt.% for material 9 which
has a zirconium loading of 61.5 wt.%. The sulfur loadings for the
sulfated zirconia–silica materials prepared by Du and co-workers
range from 2.0 to 3.9 wt.% for zirconium contents ranging from 20.1
to 33.8 wt.% [59].

The calcination temperature may  explain the low sulfur loadings
the sulfate concentration on pure zirconia samples [71,72] indi-
cating that the coordinated sulfate is highly labile at elevated

b (wt.%) Zr/S Surface area (m2/g) Pore volume (cm3/g) Pore Size (Å)

– 709 0.82 46
7.1 435 1.34 124
4.7 416 1.29 124
2.6 482 1.17 97
6.6 470 1.08 91
7.4 424 1.17 110
8.8 378 0.76 81
8.0 380 0.56 59
8.6 343 0.43 50
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Table 2
Relative concentrations of O, Zr and Si (%) at the surface of the SZ–SiO2 materials as
determined by ZPS.

Sample/absorption O 1s Zr 3p3/2 Si 2s Si/Zr

2 68.3 0.2 31.5 158
3 69.6  0.2 30.1 151
4  75.9 0.2 31.5 158
5  72.1 1.2 26.7 22
6  78.3 1.0 20.7 21
7  69.5 1.3 29.2 22
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8 84.0  5.7 10.3 2
9 74.6  9.0 16.4 2

emperatures. In addition, the concentration of the H2SO4 solution
hat has been used to treat the zirconia has been found to have a

arked effect on the final sulfate concentration in the final mate-
ial: an increase in H2SO4 concentration from 0.02 M to 1.5 M sees

 7.2 times increase in sulfate concentration in the final materials
71]. Furthermore, recent work has shown that significant sulfate
s lost when the calcinations are performed in a shallow bed, as the
amples being investigated here prepared, compared to a calcina-
ion performed using a bed depth of a few centimetres [73]. As a
onsequence, it can be concluded that the low sulfate concentra-
ions seen in the materials 2–9 are the result of two factors: the loss
f coordinated sulfate during the calcination procedure and the low
oncentration of zirconia at the surface of the materials.

X-ray photoelectron spectroscopic (XPS) experiments were
sed to probe the surface composition of the SZ–SiO2 materials. As
an be seen in Table 2, the Zr surface concentrations for materials
–7 are relatively low, indicating the bulk of the zirconia is located
ithin the silica matrix. If nanoparticles were present on the surface

f these materials Si/Zr ratios higher than those observed for the
CP would be expected: in the case of materials 2–7 the observed
i/Zr ratios are lower or correspond with the ICP data which indi-
ates that there is no significant deposition of Zr at the surface;
or materials 8–9 the Si/Zr ratio is significantly greater than that
etermined by ICP analysis indicating the presence of Zr at the sur-
ace of the material. The relative concentrations of zirconia increase
onsiderably for silicas 8 and 9, suggesting the presence of ZrO2
anocrystallites on the surface of the silica (vide infra). Assuming
hat the silicon present within the samples is present as silica and
etting the Si 2p binding energy at 103.6 eV (the value for SiO2)
74], then the binding energy for Zr 3d5/2 has a corrected value of
etween 182.8 and 183.7 eV. These values are higher than for bulk
rO2 (182.2 eV) and closer to that of ZrSiO4 and of Zr in Zr-TUD-1
183.3 and 183.2 eV, respectively) [56,75]. Similarly, the O 1s values
ave a range of 531.7–532.3 eV, which are significantly higher than
he binding energy seen in ZrO2 but approximate those in Zr-TUD-

 and in SiO2 (530.2, 532.4 and 532.9 eV, respectively) [56,75].  The
alues in Zr-TUD-1 were interpreted in terms of a larger number of
i–O–Si than Si–O–Zr bridges and most of the zirconium being in
he framework, rather than present as domains of ZrO2, consistent
ith a similar situation being present here [56]. Further confirma-

ion of the incorporation of the Zr into the framework was  obtained
y IR and Raman studies of the materials (vide infra). The use of XPS
o probe the S 2p binding energy was not possible in our study, due
o the low sulfur loadings (as determined by elemental analysis),
hich resulted in the observed peaks having poor signal-to-noise.

The infrared spectra for the skeletal region of materials 1–9
re shown in Fig. 3. The spectra are similar to those of Zr-TUD-1,
hich were interpreted as consistent with most of the zirconium

eing present in the framework [56]. The spectra are dominated
−1
y absorptions assignable to the silica support: 460 cm (O–Si–O

ending), 800 cm−1 (Si–O–Si deformation), 1000–1100 cm−1 (Si–O
tretch), ∼1200 cm−1 (asymmetric Si–O–Si stretch), and 1625 cm−1

molecular water bending). It should also be noted that the
Fig. 3. Infrared spectra in the skeletal region of bulk sulfated zirconia (SZ–ZrO2),
silica (1) and the prepared SZ–SiO2 samples 2–9.

absorptions assigned as silica framework stretches become con-
siderably broader and less defined which is indicative of the
incorporation of Zr into the silica framework through isomorphous
substitution. Silica 1, in particular, shows a clear absorption at
960 cm−1 that is attributed to the Si–O stretch of silanol groups,
and this absorption becomes broader and less well resolved with
an increase in zirconium loading, which is indicative of the presence
of Zr coordinated to the hydroxyls on the surface of these materi-
als. An infrared absorption in zirconium-impregnated silicalite-1
at 965 cm−1 has been attributed to a Si–O–Zr asymmetric stretch
[39]. The silicas with the highest Zr loadings, 8 and 9, show the
appearance of a shoulder at ∼920 cm−1, which has previously been
attributed to a Si–O–Zr stretch [76].

In addition, the spectra of 8 and 9 show a weak absorption at
600 cm−1 that corresponds to the presence of ZrO2 in the materi-
als (cf. the spectra of bulk ZrO2 in Fig. 3). The absence of this weak
absorption in silicas 2–7 indicates that the Zr has been incorporated
into the silica framework by isomorphously replacing Si atoms.
This observation is supported by TEM images of these materials
(vide infra). The decreasing amount of silica with increasing zirconia
loading is clearly visible in the intensity decrease of the absorption
at 1000–1100 cm−1. A similar trend is observed for the absorp-
tion at 460 cm−1. The second derivative of the spectra (not shown)
resolves a number of peaks under the absorption envelope for the
peak at 1000–1100 cm−1 and clearly shows the influence of the
zirconium in the silica framework: 1 has a maximum at 1036 cm−1

whereas materials 2–7 have maxima between 1053 and 1061 cm−1

while 8 and 9 have maxima at 1046 and 1034 cm−1, respectively.
A similar trend is observed for the absorption at 1200 cm−1, which
shifts to 1215 cm−1 as the Zr loading is increased. An absorption at
877 cm−1 observed in samples with high zirconium loadings, and
assigned as a Zr O stretch may  also contribute to this envelope
[39,77].

Attempts to record the visible Raman spectra of the prepared
SZ–SiO2 materials were unsuccessful due to the fluorescence of the
samples at 488 nm.  The Raman spectra were recorded using an exci-
tation line of 1064 nm and are shown in Fig. 4. Broad unresolved
features characterise the Raman spectra. The strongest feature

occurs at 906 cm−1, and based on the asymmetric peak shape, this
absorption is clearly composed of a number of overlapping vibra-
tions. For in the bulk sulfated ZrO2 notable absorptions are observed
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ig. 4. Raman spectra (excitation: 1064 nm)  of bulk sulfated ZrO2 (SZ–ZrO2) and the
repared SZ–SiO2 samples 2–7.

t 640 and 478 cm−1. The absorption at 640 cm−1 (in silicas 2–7)
hifts to lower wavenumber as the zirconium loading decreases.
he peak at 478 cm−1 is obscured in the silica samples by the intense
bsorption that results from O–Si–O bending. The absorptions at
75 and 335 cm−1 in the SZ–ZrO2 sample can be seen at slightly
igher wavenumber in the silica samples with decreasing intensity
ith lower zirconium loading. In the region 1200–800 cm−1, the

ilicas display a series of overlapping absorptions at 1079, 1003,
06 and 801 cm−1 which are assigned to symmetric Si–O stretch-

ng modes. The positions are characteristic of tetrahedral units with
hree (Q3), two (Q2), one (Q1) and zero (Q0) bridging oxygen atoms,
espectively [78]. Unfortunately, Raman spectra of 8 and 9 could not
e obtained due to the large elastic scattering signal obtained from
hese samples. In such cases, several percent of the incident laser
ight can be scattered elastically into the spectrometer giving rise to

 signal that is many orders of magnitude greater than that of the
aman scattering [79]. When the samples are weak Raman scat-
erers, as is the case with these samples, obtaining spectra is near
mpossible. The infrared and Raman spectra of ZrO2/SiO2 glasses
ontain an absorption at 975 cm−1, (954 cm−1, Raman) which is
ttributed to Zr–O–Si vibrations [80].

The diffuse reflectance UV–Vis spectra (not shown) of the
Z–SiO2 materials 2–9 are effectively featureless and have no
esemblance to pure zirconia (which exhibits a maximum at
235 nm), indicating the absence of a bulk phase in the samples
repared. Bulk ZrO2 has an absorption at ∼235 nm [37] (monoclinic
rO2 absorbs at 240 and 310 nm [39]), whereas all SZ–SiO2 materi-
ls have maxima that are below 200 nm,  other than sample 9, which
xhibits a weak maximum at ∼205 nm.  This single absorption is
ttributed to the O → Zr ligand-to-metal charge transfer transition
37]. An electronic spectral absorption at 197 nm is attributed to
n oxygen to metal charge transfer in isolated tetrahedral Zr(IV)
ons in MCM-41 [29], and in Zr-TUD-1 [56], which is differentiated
rom the broad absorption at 227 nm (or 212 nm [39]) in ZrO2 [48],
ssigned as an oxygen to Zr(IV) charge transfer.

The lack of a significant XRD reflection at low angle suggests
ittle long range mesostructure in the material [81,82].  The diminu-
ion in peak intensity compared to the purely siliceous material 1
s attributable to the decrease in the pore size and the filling of the

esopores with the zirconium oxide nanoparticles at the highest
oadings. The absence of additional reflections at low angle indi-
ates that there is no ordering within the silica. The high angle

2� > 10◦) X-ray diffraction patterns of the mesoporous SZ–SiO2

aterials 2–9 (Fig. 5) reveal a broad reflection at 20–35◦ 2� which
s due to the amorphous nature of the silica support. In the case
f 8 and 9, this reflection is significantly broadened compared to
Fig. 5. High angle X-ray diffraction patterns of the prepared sulfated zirconia–silica
samples 2–9.

that observed for materials 2–6 and this broadness may  be due to
the significant amounts of zirconium that have been incorporated
into the silica framework. In all cases, there is no diffraction associ-
ated with a crystalline phase of ZrO2 indicating no bulk crystalline
zirconia is present.

The TEM images of the SZ–SiO2 samples 3, 4 and 8 are shown
in Fig. 6. As can be seen from these images, the silica does not pos-
sess long range order, which is consistent with our observations
when using similar templates to produce high surface area meso-
porous silica [60]. In addition, no large clusters of nanoparticulate
zirconia are visible at the magnifications used, which indicates that
the zirconia is present as either very small nanoparticles and/or is
incorporated into the silica framework.

The dark field and HR-TEM images of several of the sulfated
zirconia–silica samples are shown in Fig. 7. Dark field images show
strong atomic number (Z) contrast, thus allowing heavier elements
to be visualized. Hence, the dark field image of 7 (Fig. 7a) shows
the dispersion of the Zr atoms within the silicon matrix and is rep-
resentative of similar images obtained for materials 8 and 9 (not
shown). In all the TEM images small crystalline particles associated
with the walls of the silica surface are observable. In the case of
silica 7 it was  very difficult to observe the very small crystalline
ZrO2 particles in the HR-TEM but inspection of the electron diffrac-
tion pattern clearly indicates that polydispersed ZrO2 particles are
present. From the diffraction pattern it is evident that the material
is poly-crystalline with some crystal orientation evident. The HR-
TEM images of 8 and 9 clearly show the crystalline phase of ZrO2
on the surface of the silica, with the particles being in the range
5–10 nm in size.

The catalytic activity of these materials was probed using
the Meerwin–Ponndorf–Verley reductions [83] of aldehydes and
ketones as a test reaction and SZ–SiO2 (27.77 wt.% Zr (8) as a
representative material, containing both nanoparticulate SZ–SiO2,
and framework zirconium. This reaction, and its reverse, the
Oppenheimer oxidation, has been catalysed by calcined hydrous
zirconium oxide [84–87],  The results using SZ–SiO2 (8) are collected
in Table 3.

Sample SZ–SiO2 (8) catalyses the Meerwin–Ponndorf–Verley
reductions of a representative aldehyde (benzaldehyde) and a
ketone (acetophenone). The conversions are comparable to those

using Zr-TUD-1 as catalyst. The activity of the catalyst appears to
correlate with the pKHB of the substrate [88], inasmuch as sub-
strates with pKHB > 1.10 are not converted. This effect and the
substituent effects in arene substrates can be observed in the
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Table 3
Meerwin–Pondorff–Verley catalysed by SZ–SiO2 (27.77 wt.% Zr, (8)).a

Substrate Products pKHB
b Conversion (%)c Reaction time (h)

0.78 48 96
(37% (A); 21% (B))d

1.10 9 96

1.13 0 20

N/A 6 96

N/A 0e 96

1.11 12 48

1.24 0 96

0.93 8 96

0.69 26 96
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Table 3 (Continued)

Substrate Products pKHB
b Conversion (%)c Reaction time (h)

1.18 0 48

a Reaction conditions: 25 mg  catalyst, 4 mL 2-propanol, 2 mmol substrate, 100 �L mesitylene (internal standard), 80 ◦C, performed under N2 atmosphere.
b Values of pKHB obtained from Ref. [88].
c The products were identified using GC–MS.
d The formation of B results from the reaction of the generated alcohol and subsequent reaction with one equivalent of the starting aldehyde to form a hemiacetal and the

resulting hemiacetal reacting with the solvent to form the observed acetal.
e No products from the reduction of the aldehyde were seen, however, products resulting from the reaction of the aldehyde with the solvent (i.e. hemiacetal and acetal)

were  observed.

Fig. 6. Representative TEM images of the prepared SZ–SiO2 samples: (a) silica 3 (1.34 wt.% Zr); (b) silica 4 (2.43 wt.% Zr); and, (c) silica 8 (27.77 wt.% Zr).

age of silica 7 (26.89 wt.% Zr); (b) silica 8 (27.77 wt.% Zr); (c) silica 9 (41.40 wt.% Zr).
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Fig. 7. HR-TEM images of the prepared SZ–SiO2 samples 7–9: (a) dark-field im

esults for the substituted phenylmethylketones, in which the p-Me
erivative (pKHB 1.24) is not converted, and the greatest conver-
ion is observed for the m-NO2 derivative. Although we observe no
etectable reaction of cinnamaldehyde with 2-propanol over 20 h,
his reaction is slow, even with ZrO2 catalysts of “moderate activity”
89].

Given the low catalytic activities observed for the
eerwin–Ponndorf–Verley reductions, the nature of the acid

ites on these materials was determined with FT-Raman spec-
roscopy using pyridine as a probe molecule. The most sensitive
aman vibration of pyridine is the symmetric ring breathing
vCCN) at 991 cm−1. The interaction of pyridine with the acid sites
f a support results in a shift of this Raman band to higher values,
hus the position of the skeletal vibration band can be used to
etermine the nature of these acid sites. It has been determined
hat the interaction of pyridine with weak protonic sites through
ydrogen bonding results in bands between 996 and 1008 cm−1,

r chemisorption at strong Bronsted sites results in bands between
007 and 1015 cm−1 or Lewis acid sites give rise to bands between
018 and 1028 cm−1 on solid surfaces [89–91].  As can be seen in
ig. 8, all the materials show a significant peak at 1007 cm−1, which

Fig. 8. Raman spectra of pyridine chemisorbed onto the SZ–SiO2 materials 2–9 in
the pyridine symmetric ring breathing vibration region.
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ncreases in intensity with increasing zirconium content, that is
ttributable to strong Bronsted sites. In addition, the peak centred
t ∼998 cm−1 reveals the presence of weak hydrogen bonded sites.
nly materials 2–5 have Lewis acid sites that are indicated by the
eak at ∼1024 cm−1. All of the materials do show some evidence
f hydrogen bonding to the pyridine, as evidenced by the peak
etween 997 and 1002 cm−1.

It is well established that the Meerwin–Ponndorf–Verley reduc-
ion is promoted by Lewis acid sites [83], however, more recent
ork has shown that Bronsted sites can also be active for the catal-

sis of this reaction [89]. Thus, the lack of Lewis acidic sites can
xplain the observed low catalytic activity. The lack of activity of
he Bronsted sites is attributable to two factors: the first is that a
igh density of Bronsted sites has been observed to give lower cat-
lytic activity for the Meerwin–Ponndorf–Verley reduction [89];
he second is that when zirconia materials are calcined at temper-
tures above 400 ◦C a significant decrease in catalytic activity for
he Meerwin–Ponndorf–Verley reduction results [87].

. Conclusions

This study has shown that 1-hexadecyl-3-methylimidazolium
romide can be successfully used as the structure directing agent

n a one pot synthesis of mesoporous sulfated zirconia. The meso-
orosity is confirmed by the nitrogen absorption, XRD and electron
icroscopy measurements. The materials, prepared with varying

atios of zirconium to silica (up to ∼40 wt.%), displayed surface
reas in the range 343–482 m2/g and mesopore volumes ranging
rom 0.43 to 1.34 cm3/g. This method of preparation of the SZ–SiO2

aterials for loadings up to 41 wt.% Zr results in the formation of
anocrystalline zirconia in the silica host, with the zirconium also
resent as polydispersed nanoparticles of ZrO2 on the surface at the
igher loadings. These conclusions are based on the lack of spec-
roscopic and X-ray diffraction evidence for large domains of ZrO2
r sulfated ZrO2, even at relatively high zirconium loadings. XPS
evealed only small amounts of zirconium on the surface, consistent
ith the majority of the zirconium being incorporated in the SiO2

ramework. The materials display solid acid behaviour, active in the
atalysis of the Meerwin–Ponndorf–Verley reductions of aldehy-
es and ketones with pKHB values less than 1.1. Investigation of the
ature of the acidic sites of the SZ–SiO2 materials using pyridine as a
robe molecule revealed predominantly Bronsted acid sites, which,
hen the materials are calcined above 400 ◦C results in a con-

iderable decrease in activity for the Meerwin–Ponndorf–Verley
eduction.
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