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Zirconia-tungstate aerogels were prepared by two methods, a
one-step sol–gel synthesis and an incipient wetness impregnation.
The effects of preparation parameters on their physical and chem-
ical properties were studied. The catalytic activity and surface
acidity were characterized by a set of chemical probes, including
n-butane isomerization and pyridine adsorption, which were devel-
oped into an acidity scale for the evaluation of solid acids in general.
Maximum catalytic activity in n-butane isomerization occurred at
saturation monolayer coverage of zirconia by tungstate. The one-
step synthesis required a more elevated activation temperature in
order to expel tungstate from the bulk of zirconia before disper-
sion on the surface. Variation of the activation temperature allowed
study of the transition between a catalytically inactive and active
material and consequently identification of the active species. Ac-
tivity in n-butane isomerization coincided with the presence of (i) a
larger population of Brønsted sites and (ii) stronger Brønsted sites
on the surface. Infrared spectroscopy indicated that the surface ac-
tive tungstate species was identical regardless of preparative route.
We conclude that the preparation method affected the activation
behavior of zirconia-tungstate materials but not the active species
in n-butane isomerization. Furthermore, zirconia-tungstate can be
placed in a meaningful Brønsted acid strength scale which has the
potential as a tool for ranking acid catalysts. c© 1997 Academic Press
INTRODUCTION

Solid acid catalysts play an important role in hydrocar-
bon conversion reactions in the chemical and petroleum
industries (1, 2). An emerging class of materials is that of
oxides, such as zirconia, modified by anions, such as sulfate
(3–7) or phosphate (8), to yield solid acids of a wide range
of strengths. Anionic dopants create additional electron de-
ficient regions that increase the Brønsted acid strength of
a metal oxide surface by improving the ability of neigh-
boring hydroxyl groups to act as proton donors (1, 2).
1 To whom correspondence should be addressed. Fax: 412-268-7139.
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The strong acidity of zirconia-supported sulfate attracted
much attention because of its ability to catalyze a range of
reactions such as cracking, alkylation, and isomerization.
The potential for a heterogeneous catalyst, with a reduced
environmental risk compared to conventional halogen-
based catalysts, has yielded many reports on the activity of
zirconia-sulfate based materials (3–7). Recently, Hino and
Arata reported zirconia-supported tungstate as an alterna-
tive material in reactions requiring strong acid sites (9, 10).
They demonstrated the effectiveness of this material in the
skeletal isomerization of n-butane at low temperatures, a
reaction of particular interest in the production of octane-
enhancing additives to gasoline. Several advantages of
tungstate, over sulfate, as dopant include that it does not
suffer from dopant loss during thermal treatment and it un-
dergoes significantly less deactivation during catalytic reac-
tion (11, 12). It has also been shown that zirconia-tungstate
promoted with platinum has superior selectivity in isomer-
izations of larger alkanes such as n-heptane (11, 13).

Considerable study to date has provided a reasonable
description of zirconia-tungstate as a solid acid catalyst
(9–14). With sufficient heat treatment, solid–solid wetting
of zirconia by tungstate stabilizes textural and structural
properties against sintering. These materials are catalyti-
cally active at near saturation monolayer coverage of zirco-
nia by tungstate after calcination in the range 1073 to 1123 K
(9–11). By comparison to tungstate promoted onto alumina
(15), titania (16), and silica (17), it has been established that
dispersed tungsten oxide species on zirconia form distorted
octahedrally coordinated surface polytungstate species un-
der dehydrated conditions. Optimum activation enhances
the Brønsted acidity compared to other modified oxides
(18) or modified crystalline zirconia (10, 19). But there are
questions that remain unanswered such as what is the active
species in alkane isomerization and what is the relationship
between surface acidity and catalytic activity.

In this work, we wish to understand the relative impor-
tance of preparative variables on the acidic and catalytic
1
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properties of zirconia-tungstate. Previous reports have
stated that only the chemical nature of the support and
the active oxide are important to the catalytic activity of a
material (20, 21). Synthesis was suggested not to be crucial
since it could not influence the structure of the final sup-
ported oxide. Hino and Arata reported that the catalytic
properties depend greatly on the calcination temperature
of the zirconium hydroxide before dopant promotion (10).
Zhao et al. (19) reported similar results in relation to strong
acidic properties. Afanasiev et al. (22) concluded, from a
set of zirconia-tungstate materials prepared using molten
salts, that the preparation method appears to strongly in-
fluence the state of the tungstate species (22). Therefore, it
seems that several factors—such as the method of tungstate
incorporation, the activation temperature, and even the
chemical precursors—may play important roles in the for-
mation of zirconia-tungstate solid acids.

By understanding the relationship between acidity and
catalytic activity, we also wish to develop an acidity scale
that can qualitatively describe the acidity of zirconia-
tungstate and allow comparison to other materials. A num-
ber of techniques have been employed to characterize
zirconia-sulfate. Kustov et al. (6) and Adeeva et al. (7) de-
termined the acid strength of zirconia-sulfate by the shift in
the infrared signature of the O–H species before and after
the adsorption of weak bases to show that the strength of
Brønsted sites is not enhanced. Venkatesh et al. (5) used
the cleavage of diphenylmethane (a Brønsted-acid cata-
lyzed reaction) to demonstrate the existence of stronger
Brønsted acid sites after sulfate promotion. Previous work
by Ramis et al. (23) has compared titanias doped with sul-
fate, tungstate, and phosphate in olefin oligomerizations.
In doing so, they have ranked the acidities of anion doped
titania and shown how a set of well-selected reactions can
be used to classify the acid quality. Miller and Ko (24) have
used a combination of chemical probes, the isomerization of
n-butane and 1-butene in conjunction with pyridine adsorp-
tion, to distinguish between the maximum Brønsted acid
strength of zirconia-silica-sulfate aerogels. We have used
the same techniques in this study to characterize the maxi-
mum Brønsted site strengths on zirconia-tungstate and ex-
panded this acidity scale further to allow a more meaningful
description of solid acid materials. We believe that place-
ment of the doped zirconias in a matrix or hierarchy that
ranks Brønsted acid strength is a step toward developing
a tool for preparing solid acids, by design, with controlled
site density and strengths for a given application.

EXPERIMENTAL

Sample Preparation
Zirconia-tungstate aerogels were prepared by two meth-
ods: an incipient wetness impregnation and a one-step
ND KO

TABLE 1

Sol–Gel Parameters for the Preparation of Zirconia-
Tungstate Aerogelsa

Gel Water Acid Hydrolysis Acid
time content content ratio (mol ratio (mol

Sample Solvent (s) (ml) (ml) H2O/mol Zr) HNO3/mol Zr)

Co-18 Ethanol 83 2.62 2.55 5.00 0.754
Co-10 Ethanol 49 2.62 2.50 4.98 0.738
IWP-18 Ethanol 34 2.62 2.40 4.95 0.710
IWP-10 Propanol 48 1.31 1.91 2.78 0.562

a All gels prepared in 30 ml alcohol.

preparation. The sol–gel parameters used in preparing the
aerogels are summarized in Table 1. The material de-
livered by the incipient wetness preparation (IWP) re-
quired an undoped zirconia aerogel onto which tungstate
could be placed. The starting synthetic formulation is de-
scribed elsewhere (25). Briefly, we added 16.2 ml zirconium
n-propoxide (70 wt% in propanol, Alfa) to a solution of
15 ml 1-propanol (Fisher) and 1.91 ml HNO3 (70% w/w,
Fisher). In a second beaker, 1.31 ml distilled water was
mixed with 15 ml 1-propanol. The contents of the second
beaker were rapidly added to the solution in the first beaker
which was stirred by a magnetic stir bar until gelation oc-
curred. The gelation point was recognized with the disap-
pearance of the vortex caused by stirring. The exact time
between mixing and gelation was recorded in Table 1 as the
gel time. The product alcogel was aged for 2 h at room tem-
perature before displacement of the alcohol solvent by car-
bon dioxide under supercritical conditions. In an autoclave
(Autoclave Engineers, model 08U-06-60FS) operating at
about 343 K, 20× 103 kPa, with a downstream CO2 flowrate
of 85 liters/h at ambient conditions, the alcohol was dis-
placed from the alcogel in approximately 2 h. The prod-
uct aerogel was ground into a powder to pass through 100
mesh. Subsequent drying consisted of heating at 383 K un-
der a vacuum of 3.4 kPa for 3 h to remove water, followed
by heating at 523 K under vacuum for 3 h to remove resid-
ual organics and nitrates. Tungstate (10 wt% W, nominal)
was incorporated by impregnation to incipient wetness of
the X-ray amorphous powder with an aqueous solution of
ammonium metatungstate hydrate (Aldrich). The material
was then dried under vacuum at 383 K for 3 h followed
by calcination in flowing oxygen (27 liters/h) for 2 h at a
temperature in the range 973 to 1273 K, referred to as the
activation temperature. We denote this material, with sur-
face tungstate, as IWP-10.

The second method of preparation of zirconia-tungstate
aerogels was a one-step preparation in which tungstate was
introduced directly in the gelling step. The preparation was
based on that for an undoped zirconia aerogel (25). To

ensure solubility of the tungstate precursor, the one-step
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preparation involved changing the solvent from 1-propanol
to ethanol and increasing the acid content. The water con-
tent was increased accordingly to promote gelation. Briefly,
we added 16.2 ml zirconium n-propoxide to a solution
containing ammonium metatungstate dissolved in 15 ml
ethanol (dehydrated 200 proof, pharmco) and HNO3. In a
second beaker, distilled water was mixed with 15 ml ethanol.
The ammonium metatungstate contents were calculated to
yield nominal loadings of 10 and 18 wt% W. The water and
acid amounts corresponding to each tungstate loading are
given in Table 1. After aging for 2 h, the product alcogels
were supercritically dried with CO2 and ground into a pow-
der. The aerogels were sequentially dried under vacuum
at 383 and 523 K for 3 h, followed by calcination in flow-
ing oxygen at a temperature in the range 973 to 1273 K.
The two samples delivered by this preparation with 10 and
18 wt% W, throughout the bulk of zirconia, were defined
as co-gels and labeled Co-10 and Co-18, respectively.

To understand the relative importance of the sol–gel pa-
rameters on the final properties of the aerogels, a second
material was prepared by the incipient wetness impreg-
nation of a zirconia support that had been prepared with
parameters matching the one-step preparation. The pro-
cedure followed was identical to that used to deliver the
impregnated aerogel with 10 wt% W labeled IWP-10. The
solvent used was changed to ethanol while the water and
acid contents were increased to match those of the co-gels.
The amounts of each component are given in Table 1. The
tungstate loading was increased to 18 wt% W delivering a
material labeled as IWP-18.

Sample Characterization

Textural characterization was determined by nitrogen ad-
sorption/desorption using an Autosorb-1 gas sorption sys-
tem (Quantachrome Corp.). Samples were outgassed at
383 K, under vacuum for 2 h prior to analysis. Forty point
desorption isotherms were obtained, from which the BET
surface area (taken at P/P0∼= 0.3), total pore volume (at P/P0

close to unity), and pore size distribution (BJH method)
were calculated. Identification of crystal phase was made
from X-ray powder diffraction (XRD) patterns obtained
using a Rigaku D/max diffractometer with Cu Kα radia-
tion. The phase identification of tungsten oxide was further
examined using Raman spectroscopy. Laser Raman spectra
were recorded using a Spex 1403 0.85-m double spectrome-
ter. The 488-nm line of a Spectra-Physics model 2020 Argon
ion laser, with a power output of about 200 mW, was used
for excitation. Spectra were gathered from stationary sam-
ples contained in glass vials, under ambient conditions, over
the range 200 to 1200 cm−1 with a spectral slit width of
600 µm and a step size of 2 cm−1. Previous work with
supported tungstate has shown that the most prominent

Raman bands are from the W–O vibrations of crystalline
WO3 at 805, 715, 250 cm−1 by which the crystallization
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of tungsten oxide can be monitored. Raman bands from
960–980 cm−1 are associated with W==O vibrations of hy-
drated polytungstate species on zirconia (20). Finally, bands
at 1010 cm−1 are assigned to a dehydrated two-dimensional
octahedrally coordinated surface species (20).

Catalytic activities were determined using a differential,
downward flow, tubular fixed-bed reactor of 12.7 mm diam-
eter. Approximately 0.5 g of sample was pretreated at 588 K
for 1 h under 2.4 liters/h (40 sccm) flowing helium. The sam-
ple was then cooled to 553 K and exposed to a feed stream
mixture of 0.06 liters/h (1 sccm) n-butane (Matheson, Re-
search Grade) in 0.60 liters/h (10 sccm) hydrogen (Mathe-
son UHP). A Gow–Mac 550P gas chromatograph with ther-
mal conductivity detector (Column: Supelco 23% SP 1700
on 80/20 Chromosorb, 1/8 in.× 30 ft) was used to determine
the composition of the product stream.

Diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy was employed to characterize the state of the
tungstate species on the materials and the acidity associ-
ated with these species. The experiments were carried out
on a Mattson Galaxy 5020 FTIR, with a DTGS detector
and a Harrick diffuse reflectance attachment (DRA-2). Ad-
ditionally, in situ DRIFT spectroscopy was performed us-
ing a Harrick reaction chamber (HVC-DR2). Each spec-
trum was obtained by averaging 128 scans taken over the
range 400–4000 cm−1 at a resolution of 2 cm−1. Ex situ and
in situ DRIFT spectra were obtained from samples diluted
to 5 wt% in KBr. Ex situ spectra were acquired under ambi-
ent conditions, while in situ DRIFT spectra were acquired
under flowing helium at about 2.4 liters/h. Under in situ
conditions, samples were pretreated at 588 K for 15 min af-
ter which a spectrum was gathered under conditions similar
to those used in the isomerization of n-butane. To measure
the type and strength of acidity on the surface, the samples
were cooled to 373 K and subsequently exposed to pyridine
for 15 min by diverting the helium flow through a pyridine
saturator. Spectra were then taken at 373, 423, 473, 553, and
623 K after 10 min in flowing helium at each temperature.
All spectra were obtained using a KBr reference spectrum,
obtained in helium at room temperature, to determine the
absorbance by the samples. Preliminary testing using KBr
reference spectra obtained at higher temperatures did not
show any new features. The type of surface acidity was deter-
mined by the peaks at 1445 and 1490 cm−1—the former peak
is caused by the presence of coordinately bound pyridine on
Lewis acid sites and the latter by pyridine irreversibly ad-
sorbed on both Brønsted and Lewis acid sites (26). Relative
populations of Brønsted and Lewis sites were calculated by
the method of Basila and Kantner (27) using the integrated
areas under the above-mentioned peaks. A reference aero-
gel, with Lewis acid sites only, was used to determine the
relative contribution of coordinately bound pyridine to the

areas under the 1445 and 1490 cm−1 peaks. The percentages
of Brønsted acid sites were measured for samples heated at
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473 K to avoid problems with physisorbed pyridine at low
temperatures and uncertainties with peak analysis at higher
temperatures due to thermal noise. The relative strength
of the acid sites was determined by monitoring the effect
of temperature on the peaks at 1445 and 1490 cm−1. Mate-
rials with stronger Brønsted acid sites retained irreversibly
adsorbed pyridine up to higher temperatures.

RESULTS

Textural Properties of Zirconia-Tungstate Aerogels

The effect of preparation on the textural properties of
zirconia-tungstate aerogels was studied. For each prepara-
tive route, we examined the role of (i) final activation tem-
perature, (ii) tungstate loading, and (iii) sol–gel parameters.
The effect of activation temperature on the surface areas
and pore volumes of the aerogels can be seen in Table 2.
After calcination at 1073 K, the BET surface areas were in
the range 56 to 73 m2/g. These areas were higher than those
of previously reported zirconia-tungstate materials (9–11),
and considerably higher than that of a pure zirconia aerogel
(25). The increase in surface area was attributed to the in-
hibition of sintering by the presence of a dopant (4, 8). The
role of sintering, shown in Fig. 1 for Co-10 and IWP-10, was
apparent by a constant loss in surface area with increas-
ing activation temperature. The presence of tungstate on
the surface of IWP-10 and in the bulk of Co-10 appeared

TABLE 2

Textural Properties of Zirconia-Tungstate Aerogels

Activation Nominal Nominal Pore Surface
temperature loading loadinga volume area

Sample (K) (wt% W) (W/nm2) (cm3/g) (m2/g)

Co-10 1073 10 N/Ab 0.57 63.9
1173 10 0.56 56.4
1223 10 0.53 49.1
1273 10 0.41 39.1

IWP-10 973 10 3.6 0.33 100.0
1073 10 5.0 0.33 73.2
1123 10 6.0 0.33 60.3
1173 10 7.4 0.31 48.9
1223 10 10.4 0.27 35.8

Co-18 973 18 N/Ab 0.55 89.2
1073 18 0.55 67.7
1123 18 0.53 57.2
1173 18 0.50 46.6
1223 18 0.38 34.2

IWP-18 1073 18 12.8 0.45 56.1
1123 18 14.9 0.43 48.3
1173 18 18.8 0.41 38.2

a Calculation based on the experimentally determined BET surface
areas and assuming each W-unit occupied a surface area of 0.16 nm2.
b Not available as surface loading was unknown due to the method of
preparation.
ND KO

FIG. 1. Effect of heat treatment (calcination at indicated temperature
for 2 h) on the BET surface areas of impregnated aerogel and co-gel with
10 wt% W nominal loading (IWP-10 and Co-10, respectively).

to stabilize the surface areas to a similar extent. The role
of tungstate loading was evident by comparing two co-gels
with 10 and 18 wt% W. Table 2 shows that, after activa-
tion at 1073 K, Co-10 and Co-18 have similar surface areas
and pore volumes. Recall that these two gels were prepared
with nearly identical sol–gel parameters. Apparently under
these conditions, tungstate loading at the level used in this
study did not change the gel network appreciably.

Variation of certain sol–gel parameters was necessary in
order to prepare materials by two preparative routes, the
effect of which was evidenced in the textural properties. The
parameters changed were hydrolysis ratio, acid ratio, and
choice of solvent. Comparing Co-10 and IWP-10 activated
at 1073 K, we observed a difference in the surface areas, 64
and 73 m2/g, respectively, and in the pore volumes, 0.57 and
0.33 cm3/g, respectively. The large difference in pore struc-
ture was further illustrated by the pore size distributions
shown in Figs. 2 and 3. Co-10 had a broader distribution
of pores with radii centered around 15 nm in contrast to
IWP-10 which had a narrow distribution centered around
8 nm. It was noted that Co-10 and IWP-10 had different
sets of sol–gel parameters in addition to being prepared by
different methods. To elucidate the relative importance of
each sol–gel parameter and the preparative route, we stud-
ied the role of preparation method by comparing co-gels
and an impregnated aerogel with similar sol–gel param-
eters. Table 1 shows that IWP-18, Co-18, and Co-10 had
near identical sol–gel parameters but that after calcination
at 1073 K, the pore volume of IWP-18 (0.45 cm3/g) was less
than those of the co-gels (0.57 cm3/g and 0.55 cm3/g). This

observation verified that changing the preparation method,
and thus the location of the dopant in the aerogel, resulted
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FIG. 2. Effect of heat treatment on the pore size distribution, as de-
termined from nitrogen desorption, for co-gel with 10 wt% W (Co-10).

in a moderate increase in pore volume. However, Fig. 4
shows that aerogels prepared by the same method, IWP-10
and IWP-18, had substantially different pore size distribu-
tions. Hence, although pore volume was affected by the
location of the dopant in the aerogel, the marked shift in
pore size distributions could not be attributed to different
preparation methods. The difference between the two im-
pregnated aerogels was therefore a result of a change in
sol–gel parameters, namely the hydrolysis ratio, acid ratio,
and the choice of solvent. Since the gel times of the sup-
ports for the impregnated aerogels were similar, as shown

FIG. 3. Effect of heat treatment on the pore size distribution, as de-

termined from nitrogen desorption, for impregnated aerogel with 10 wt%
(IWP-10).
–TUNGSTATE AEROGELS 195

FIG. 4. Effect of tungstate loading and choice of alcogel solvent on
the pore size distributions of impregnated aerogels, calcined at 1173 K for
2 h in flowing oxygen.

in Table 1, the higher acid and water ratios should not have
substantially altered the average pore size (25). Hence, we
believe the change of solvent played the most significant
role in controlling the pore structure.

Structural Properties of Zirconia-Tungstate Aerogels

The identification of zirconia and tungsten oxide phases
was made using X-ray diffraction. Pure zirconia aerogels
transform into a metastable tetragonal phase with activa-
tion at 773 K and into a monoclinic phase with activation at
1173 K (25). Figure 5 shows the X-ray diffraction patterns
for each of the zirconia-tungstate aerogels over the range of
activation temperatures. The tetragonal phase was evident
for all of the samples with calcination at 1173 K, illustrating
the inhibition of the sintering of zirconia by the presence of
a dopant. The tetragonal-to-monoclinic transformation was
retarded by the addition of tungstate, up to temperatures
of 1223 K for the co-gels and 1173 K for the impregnated
aerogels.

Figure 5 illustrates the role of both the preparative
method and the tungstate loading on the formation of
crystalline tungsten oxide (WO3) on the surface of zir-
conia. The emergence of crystalline WO3 with increasing
activation temperature was identified by three peaks in
the X-ray diffraction pattern in the range 2θ ∼= 23–25◦.
Comparison of the X-ray patterns of IWP-10 and Co-10
demonstrated the relationship between the preparation
method and WO3 crystallization due to increasing the
activation temperature. As the surface area decreased, due
to sintering of the underlying zirconia, the tungstate surface

concentration on IWP-10 increased, allowing WO3 for-
mation with activation between 1123–1173 K. The surface
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FIG. 5. X-ray diffraction patterns of the co-gels and impregnated aerogels as functions of tungstate loading and activation temperatures. Metastable
tetragonal (T) zirconia indexed by a peak at 2θ = 30◦, crystalline WO3 by peaks at 2θ ∼= 23–25◦.
concentration was calculated using the experimentally
determined BET surface areas and assuming that each
W-unit in the layer occupied 0.16 nm2 (28). At the point
when crystalline WO3 was detected by XRD, the surface
tungstate concentration that would correspond to a theo-
retical monolayer was calculated to be 6.25 W-atoms/nm2.
The onset of crystallization occurred at saturation mono-
layer coverage of zirconia by tungstate when dispersed
tungstate transformed into nanoscale WO3 crystallites.
The presence of WO3 was not detected on Co-10 until
activation between 1173–1223 K. The transformation
was delayed to a higher activation temperature because
tungstate entrapped in the bulk of the aerogel had to be
expelled onto the surface. This behavior has been observed
with other doped-zirconia aerogels prepared by a one-step
method (4, 8). Crystallization of WO3 on Co-18 and IWP-18
occurred in the ranges 1073–1123 K and 973–1073 K, re-
spectively. The higher tungstate loadings in samples Co-18
and IWP-18 resulted in the saturation capacity of tungstate
being attained on materials of higher surface area and thus
at lower activation temperatures. The formation of WO3

was retarded to a higher temperature in Co-18, relative to
IWP-18, because the tungstate first needed to be expelled
from the bulk of the aerogel as was the case in Co-10.

The crystal phase of tungstate on zirconia was also exam-
ined using Raman spectroscopy. Figures 6 and 7 show the
Raman spectra for Co-10 and IWP-10, respectively. The
appearance of peaks at 805 and 715 cm−1 in the Raman
patterns for Co-10 indicated the emergence of WO3 crystal-

lites on zirconia with activation between 1173–1223 K. This
matched the temperature range in which crystalline WO3
was detected by X-ray diffraction, even though Raman
spectroscopy is known to be sensitive to smaller crystal-
lites than XRD (29). Raman spectra of IWP-10 in Fig. 7
showed the existence of WO3 crystallites between 1073–
1123 K which was lower than the activation temperature
needed for WO3 detection by XRD. The crystallization be-
havior of tungsten oxide ascertained by X-ray diffraction
and Raman spectroscopy is summarized in Table 3. It shows
that the crystallization of tungsten oxide on Co-10 was de-
tected by both techniques in the same temperature range.
The simultaneous detection suggested that the crystalliza-
tion of WO3 on Co-10 was more abrupt than on IWP-10.
Hence tungstate, expelled from the bulk of zirconia, was

TABLE 3

Tungsten Oxide Crystallization on Zirconia-Tungstate Aerogels

Temperature range Temperature range Surface tungsten
of WO3 crystalli- of WO3 crystalli- loading (W/nm2) at

Sample zation by XRD zation by Ramana WO3 crystallizationc

IWP-10 1123–1173 1073–1123 5.0–7.4
IWP-18 973–1073 N/Ab <12.8
Co-10 1173–1223 1173–1223 N/Ad

Co-18 1073–1123 N/Ab N/Ad

a Raman spectra obtained from aerogels under ambient conditions.
b Not available.
c Calculation based on the BET surface areas at activation temperatures

of WO3 crystallization as observed by XRD and Raman spectroscopy.
Assume each W-unit occupied a surface area of 0.16 nm2.
d Not available as surface loading was unknown due to the method of
preparation.
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ra −1
FIG. 6. Raman spectra for the co-gel, with 10 wt% W (Co-10), over a
crystalline WO3.

dispersed on the surface and rapidly crystallized into WO3

over a small temperature range.

Catalytic Properties of Zirconia-Tungstate Aerogels

The zirconia-tungstate aerogels were probed for strong
acid sites by the isomerization of n-butane in H2 at 588 K.
Calcination temperatures reported for maximum activity in
this reaction are in the range 1073–1123 K (9–12). The per-
formance of the aerogels in this reaction was investigated
with respect to tungstate loading, activation temperature,
and preparative route. The reaction rates were normal-

ized by the measured catalyst surface area at each activa- tion during (i) heat treatments and (ii) reaction in a reduc-

tion temperature to allow qualitative comparison between ing atmosphere. The profile of steady-state activities over
FIG. 7. Raman spectra for the impregnated aerogel, with 10 wt% W (IW
are indexed to crystalline WO3.
nge of activation temperatures. Peaks at 805 and 715 cm are indexed to

the aerogels. The effect of the activation temperature on
the catalytic activity was studied for each of the aerogels.
The activity of Co-10, over a 100 min time period, is shown
in Fig. 8 and was representative of all of the aerogels. The ac-
tivity was constant with time-on-stream over the examined
time period. This behavior contrasted with zirconia-sulfate
aerogels which deactivate substantially in the same time
period (4). While the exact mechanism of deactivation on
zirconia-sulfate is unclear, the apparent stability of zirconia-
tungstate against deactivation compared to zirconia-sulfate
was likely due to the resistance of tungstate to decomposi-
P-10), over a range of activation temperatures. Peaks at 805 and 715 cm−1
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FIG. 8. n-butane isomerization rates with time-on-stream for the
co-gel with 10 wt% W (Co-10) at different activation temperatures.

the range of activation temperatures is shown in Fig. 9.
Maximum activity of IWP-10 was observed after calcina-
tion at 1123 K. Since crystalline WO3 emerged with activa-
tion above this temperature, it is possible that the sample
activated at 1173 K was more active than that at 1123 K,
if the reaction data were normalized by active species. The
optimum activation temperature range of 1123–1173 K was
slightly higher than those reported by other researchers.

Increasing the loading to 18 wt% W had a detrimental
affect on the activity as seen by the activity profile of IWP-

FIG. 9. Effect of activation temperature on steady-state activity
(after 70 min time-on-stream) for co-gels and impregnated aerogels with

10 and 18 wt% W. Samples were calcined in flowing oxygen for 2 h at the
temperatures indicated.
ND KO

18 in Fig. 9. Crystalline WO3 was present at all of the ac-
tivation temperatures studied and appeared to cover the
surface of zirconia. This resulted in less active species per
measured surface area of IWP-18 available for participa-
tion in the isomerization of n-butane. Hence, the activ-
ity, which was in terms of the total surface area, appeared
low. The effect of the preparative route on the activity in
n-butane isomerization was evident by comparing mate-
rials Co-10 and IWP-10. Maximum activity for Co-10 oc-
curred at the much higher temperature of 1223 K. This
activation temperature was also the temperature at which
crystalline WO3 was first evident and was the highest tem-
perature at which the tetragonal structure of zirconia was
stabilized. Activation at 1273 K generated an inactive cat-
alyst consisting predominantly of monoclinic zirconia and
crystalline WO3. The narrow temperature window in which
Co-10 was active in this reaction was probably caused by the
rapid crystallization of WO3 after tungstate was expelled
from the bulk of the material. The high activation tempera-
ture required by Co-10 in comparison to IWP-10 supported
the results indicating that tungstate must first be expelled
from the bulk before decomposing into a surface active
species.

Acidic Properties of Zirconia-Tungstate Aerogels

The acidic properties of zirconia-tungstate were stud-
ied to identify the relationship between catalytic activity
and the acidity of the aerogels. We used DRIFT spectra
of adsorbed pyridine to determine (i) the types of acid
sites present on the aerogels and (ii) the relative strengths
of these acid sites. Previous studies attest that zirconia-
tungstate, activated at 1023 K, possesses Brønsted and
Lewis acid sites, in contrast to pure zirconia which has Lewis
acid sites only and can irreversibly adsorb pyridine up to
temperatures of 673 K (18).

Figures 10 and 11 show the DRIFT spectra of adsorbed
pyridine on Co-10 activated at 1073 and 1223 K which were
inactive and active in the isomerization of n-butane, re-
spectively. For the inactive co-gel shown in Fig. 10, the ex-
istence of Lewis acid sites was evident by peaks at 1610
and 1447 cm−1. Similarly, Brønsted acid sites were evident
by peaks at 1640, 1540, and 1490 cm−1. Physisorbed pyri-
dine was observed on samples heated at 373 and 423 K
by a peak at 1575 cm−1 which disappeared at tempera-
tures above 423 K. The evolution of the pyridine infrared
bands with temperature showed that Brønsted and Lewis
acid sites were present up to 553 K. At 623 K, the band
at 1490 cm−1 corresponding to Brønsted acid sites was too
small to detect in background noise, while the bands repre-
senting Lewis acid sites were still present at 673 K.

Figure 11 shows the corresponding pyridine DRIFT spec-
tra for the n-butane active co-gel activated at 1223 K. It

shows the existence of Lewis acid sites, by peaks at 1610
and 1447 cm−1, and Brønsted acid sites, by peaks and 1540
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FIG. 10. In situ diffuse reflectance infrared (DRIFT) spectra for the co-gel, with 10 wt% W (Co-10), exposed to pyridine. Sample activated at
1073 K. Effect of heating temperature on the irreversible adsorption of pyridine on Lewis and Brønsted acid sites as a measure of the relative amount
and strength of the sites.

FIG. 11. In situ diffuse reflectance infrared (DRIFT) spectra for the co-gel, with 10 wt% W (Co-10), exposed to pyridine. Sample activated at

1223 K. Effect of heating temperature on the irreversible adsorption of pyridine on Lewis and Brønsted acid sites as a measure of the relative amount
and strength of the sites.
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and 1490 cm−1. At temperatures of 373 and 423 K, a large
peak at 1438 cm−1 was caused by the substantial presence
of physisorbed pyridine. This peak disappeared with heat-
ing above 423 K. Two prominent features were observed
in these spectra. First, the Brønsted peak at 1490 cm−1 was
significantly larger than the Lewis peak at 1447 cm−1 which
indicated that the surface possessed an acid site distribu-
tion of which 60–75% were Brønsted acid sites. Second, the
evolution of pyridine infrared spectra showed that the peak
at 1490 cm−1 was still evident at 623 K. This peak indicated
that the Brønsted acid sites were stronger on Co-10 with
activation at 1223 K because they irreversibly adsorbed
pyridine at a higher temperature than Co-10 activated at
1073 K.

The acidity of Co-10 and IWP-10, with respect to activa-
tion temperature, was examined by pyridine DRIFT spec-
troscopy. The DRIFT spectra shown in Figs. 10 and 11 were
representative of all the spectra for Co-10 and IWP-10.
Table 4 gives the results of analyses of the types of acid
sites on the materials and the strength of the Brønsted acid
sites. Comparison of the rate of isomerization of n-butane
to the Brønsted acidity revealed that the most active sam-
ples also possessed the highest percentage of Brønsted acid
sites. Significantly, Table 4 illustrates that, although all the
samples possessed Brønsted acid sites, those samples capa-
ble of adsorbing pyridine irreversibly at 623 K were also
active in n-butane isomerization. Hence, catalytic activ-
ity correlated with the presence of stronger Brønsted acid
sites.

Infrared Signatures of Supported Tungstate
DRIFT spectroscopy was used to study the state of the temperature of 1173 K, corresponding to the emergence

surface tungstate species and made it possible to relate the of crystalline WO3. Previous reports have indicated that
FIG. 12. In situ diffuse reflectance infrared (DRIFT) spectra for the
temperature and (b) 588 K for 15 min. Effect of activation temperature on t
ND KO

TABLE 4

Catalytic and Acidic Properties of 10 wt% W
Zirconia-Tungstate Aerogels

n-Butane % Brønsted Adsorb pyridine,
Activation isomerization acid sites of on Brønsted acid

temperature activity total acid sites, irreversibly
Sample (K) (µmol/h/m2) sites at 473 Ka at 623 K

Co-10 1073 0.00 17 No
1173 1.99 62 Yes
1223 3.52 75 Yes
1273 0.00 55 No

IWP-10 973 0.11 23 No
1073 1.39 55 No
1123 3.59 65 Yes
1173 3.41 70 Yes
1223 1.30 63 Yes

a Percentage Brønsted acidity given with approximately±5% accuracy.

surface species to the surface acidity. Ex situ DRIFT spectra
of IWP-10 and Co-10 under ambient conditions showed a
peak on both materials at 750 cm−1 which became more
prominent with increasing activation temperature. We
assigned this infrared band to a W–O vibration of surface
tungstate species, possibly from both crystalline and non-
crystalline species. Figures 12a, b show the in situ DRIFT
spectra of IWP-10 in a helium atmosphere. Figure 12a con-
tains spectra of IWP-10 at room temperature in helium
before the temperature treatment. A peak was present at
970 cm−1 which shifted to 990 cm−1 with the increasing acti-
vation temperature. This peak disappeared at an activation
impregnated aerogel, with 10 wt% W (IWP-10), in helium at (a) room
ungstate species present on the surface under reaction conditions.
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the molecular structures of supported tungstate on zirconia
follows structures observed in aqueous media. Using Ra-
man spectroscopy, vibrations from 960 to 990 cm−1 have
been assigned to the symmetric stretching W==O vibration
of solvated polytungstate species (20). It has also been re-
ported that octahedrally coordinated monooxo structures
have similar Raman and infrared band assignments (20).
Hence, we assigned the infrared bands in the range of 970
to 990 cm−1 to solvated polytungstate species, resembling
W6O20(OH)5−(aq), W12O10−

41 (aq), and W12O6−
39 (aq).

Figure 12b contains spectra of IWP-10, at 588 K in helium,
under similar conditions to those of the catalytic pretreat-
ment. A new band emerged at 1010 cm−1 which, by analogy
to Raman band assignment, was caused by the symmetric
W==O stretching vibration of a new octahedrally coordi-
nated surface species WOx. It is believed that upon dehy-
dration at an elevated temperature, the hydrated surface
metal oxide decomposes to form dehydrated surface oxide
species. The Raman measurements of Kim et al. (20) were
performed after treatment at 773 K under vacuum, contrast-
ing with our conditions at 588 K in helium. Hence, the pres-
ence of two peaks at 970 and 1010 cm−1 was attributed to
incomplete decomposition of hydrated polytungstate into a
dehydrated surface structure. With a sufficiently high acti-
vation temperature of 1123 K, only the dehydrated surface
structure existed as evidenced by a single peak at 1009 cm−1.
The presence of this single peak corresponded to the sam-
ple with the highest specific catalytic activity and indicated
the importance of the surface tungstate WOx in the isomer-
ization of n-butane.

We note in passing that other factors may affect the spec-

troscopic vibrations of surface tungstate. In particular, in- with only one peak present at 1008 cm−1 which coincided

teractions between potassium and tungsten oxide, due to with a surface with only surface WOx species present on
FIG. 13. In situ diffuse reflectance infrared (DRIFT) spectra for the co
588 K for 15 min. Effect of activation temperature on tungstate species pres
–TUNGSTATE AEROGELS 201

sample dilution in KBr, could have affected the infrared
signature of the surface tungstate. For example, K2O–V2O5

interaction species appear at lower frequency than isolated
V2O5 species on TiO2 under dehydrated conditions (30).
Evidence to suggest that the peak at 970–990 cm−1, at 588 K
in helium, was not a K2O–WOx interaction species associ-
ated with WOx at 1010 cm−1, was twofold: (i) a peak at
970–990 cm−1 also existed under ambient conditions when
an interaction species was unlikely to exist between a phys-
ical mixture of KBr and zirconia-tungstate; (ii) the peak
disappeared with increasing activation temperature before
the surface WOx transformed into crystalline WO3. There
was no evidence for the existence of K2O or other factors
that might affect infrared signatures.

Figure 13 shows similar in situ DRIFT spectra for Co-10
before and during heat treatment at 588 K in helium. The in
situ DRIFT spectra in Fig. 13a showed a peak at 970 cm−1

which shifted to 990 cm−1 with increasing heat treatment.
As was the case with IWP-10, the catalytically inactive and
active samples activated at 1073 K and 1223 K, respectively,
possessed peaks at 970 cm−1 and 990 cm−1, respectively. The
similar signatures of polytungstate in Co-10 and IWP-10 im-
plied that the locations of the dopant were different, but not
the state of the dopant. This observation was consistent with
the same tungstate precursor, in Co-10, being entrapped
in the bulk of zirconia during gel formation rather than
participating in the formation of a conventional mixed ox-
ide. Figure 13b shows the spectra of Co-10 at 588 K. The
emergence of a peak in the range 1005 to 1010 cm−1 was
also evident on each of the samples. The most active sample
in n-butane isomerization also corresponded to the sample
-gel, with 10 wt% W (Co-10), in helium at (a) room temperature and (b)
ent on the surface under reaction conditions.
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the sample. Co-10 activated at 1073 K possessed a peak
at 1005 cm−1 but was catalytically inactive due to the re-
quirement for tungstate to be expelled from the bulk to the
surface of the aerogel. The surface-active species could only
be reliably identified by an infrared band above 1008 cm−1.

DISCUSSION

The aim of this study has been to determine the role
of preparation on textural, structural, catalytic, and acidic
properties of zirconia-tungstate aerogels. Preparative vari-
ables investigated were the preparation method, activa-
tion temperature, tungstate loading, and sol–gel param-
eters. The discussion below examines the influence of
these variables on the final properties of the materials. A
schematic model of the surface species is developed to facil-
itate the understanding of the relationships between these
properties.

Influence of Preparation on the Textural Properties

The materials texture did not appear to affect the struc-
tural or chemical properties; therefore we discuss the re-
lationship between preparation and texture to contribute
to the understanding and design of aerogels. Several points
were evident from our results: (1) Comparison of two iden-
tical co-gels with different tungstate loading, Co-10 and
Co-18, demonstrated the negligible effect of loading at this
level on the textural properties. (2) Comparison of two
materials prepared by the same method but with differ-
ent sol–gel parameters, IWP-10 and IWP-18, established
that the choice of solvent played a strong role on the pore
size distributions. (3) Comparison of two identical materi-
als, save for the preparation method, IWP-18 and Co-18,
illustrated that the choice of preparation method affected
the pore characteristics.

Comparison of IWP-10 and IWP-18 allowed investiga-
tion of the role of the sol–gel parameters on the morphology
of the final aerogel. Table 1 shows the differences between
the two materials, namely the choice of solvent, water ra-
tio, and acid ratio. The textural properties of the aerogels
depend on the quality of the gel network which relies on
the growth of the polymeric particles determined by the
relative rates of hydrolysis and condensation in the sol–gel
step (31). Large water ratios are known to favor highly con-
densed products by increasing the amount of partially hy-
drolyzed species available for condensation (25, 31). Large
acid concentrations can severely retard condensation ki-
netics by protonation of hydroxo ligands, thus decreasing
the driving force for nucleophilic substitution necessary for
condensation (32). Hence, variation of either the water ra-
tio or the acid ratio will have a significant effect on the
morphology of the aerogels. However, both the water and

acid ratios were increased in the preparation of IWP-18.
Previous work has shown that the time of gelation is a good
ND KO

indicator of the relative rates of hydrolysis and condensa-
tion (25). Since IWP-10 and IWP-18 have sufficiently close
gel times, 48 and 34 s, respectively, we believe that the rela-
tive rates of hydrolysis and condensation were reasonably
similar. Therefore, the morphology of the two gels would
be comparable for both IWP-10 and IWP-18, despite the
large increases in both the hydrolysis and acid ratios (33).
Table 2 and Fig. 4 illustrate the large difference in pore
volumes and pore size distributions of the two materials.
We conclude that the change in texture was affected by the
choice of solvent.

The role of the solvent was as follows. IWP-10 and
IWP-18 were prepared using 1-propanol and ethanol, re-
spectively, but the same alkoxide precursor, zirconium n-
propoxide. When the propoxide precursor was dissolved
in ethanol, the 4-fold coordinated zirconium atom is ex-
pected to undergo coordination expansion by solvating with
the ethanol solvent. Another phenomenon that may have
occurred was alcohol exchange which is facilitated when
the solvent is less sterically bulky than the alkoxide ligand
(31). Consequently, IWP-18, prepared from a propoxide
precursor, had predominately ethoxy ligands as opposed
to propoxy ligands when dissolved in ethanol. In polar
solvents, such as alcohol, alkoxy bridging and alcohol as-
sociation may occur, producing larger oligomeric building
blocks. Oligomer size is expected to increase with decreas-
ing size of alkoxy group, implying that the preparation of
IWP-18 may have involved larger initial building blocks in
the formation of the alcogel. This effect has been observed
for titanium alkoxides, with Ti(OEt)4 exhibiting oligomeric
structures in alcohol, whereas Ti(OPr)4 remains monomeric
(31). The significantly different pore volume of IWP-18 sug-
gests that, despite similar gel times, changing the solvent
resulted in growth of particles before alcogel formation,
which in turn increased the average pore size.

Influence of Preparation on the Crystallization Behavior

We determined that the preparation method and
tungstate loading played a dominant role on the structural
changes of zirconia and tungsten oxide. The role of the
dopant location was observed to affect the sintering behav-
ior of zirconia. Zirconia (containing 10 wt% W) remained in
a metastable tetragonal phase with activation at 1173 K and
1223 K when prepared by impregnation and co-gel routes,
respectively. The higher temperature of crystal structure
transformation for the co-gel demonstrated the ability of
tungstate, located initially in the bulk of zirconia, at re-
tarding the tetragonal-to-monoclinic transformation. This
observation was supported by the textural results of IWP-18
and Co-18, identical materials except for dopant location.
The surface areas of Co-18 and IWP-18, activated at 1073 K,
were 68 and 56 m2/g, respectively. The higher surface area

of Co-18 verified the effectiveness of bulk tungstate in the
retardation of sintering.
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The effect of dopant loading on the crystal structure of the
tungstate was considered by comparing co-gels with 10 and
18 wt% W. As stated above, the very similar surface areas
and pore volumes showed that the loading did not affect the
textural properties. This observation was consistent with
previous reports which indicate that a surface density of
5 W-atoms/nm2, after activation at 1073 K, is sufficient to
stabilize the surface area of zirconia (11), above which no
effect is observed physically. Zirconia-tungstate materials
have been previously reported to be catalytically active
after calcination in the range 1073 to 1123 K (10). Surface
tungstate density from 1073 to 1173 K, calculated using the
measured surface areas and assuming 0.16 nm2 per W-unit,
was 5.0 to 7.4 W-atoms/nm2 which was above that required
for maximum stabilization of the zirconia support (11).
Saturation monolayer coverage of zirconia by tungstate is
attained during calcination by sintering of the underlying
zirconia support. We observed that higher calcination
temperatures, in the range 1123 to 1223 K, were required
for maximum specific activity in n-butane isomerization.
Maximum catalytic activity occurred after calcination
at 1123 K which corresponded to a surface density of
6.0 W-atoms/nm2. This loading was close to theoretical
monolayer coverage of approximately 6.25 W-atoms/nm2

calculated from the spreading of a single tungsten oxide
layer on a support. Actual formation of crystalline WO3

occurred in the range 5 to 6 W-atoms/nm2 as determined
experimentally by Raman spectroscopy. Hence, we con-
clude that maximum specific activity was at saturation
coverage of zirconia by tungstate which was approximately
equal to a theoretical monolayer coverage. It was noted
that saturation coverages reported in the literature have
varied from 4 (21) to 5 W-atoms/nm2 (11), contrasting with
5–6 W-atoms/nm2 on zirconia aerogels. This higher surface
density suggested that solid–solid wetting of zirconia by
tungstate was more efficient, possibly due to the significant
hydroxyl population of the aerogels (33).

Influence of Preparation on the Surface Tungstate Species

Several preparative variables affected the relationship
between activation temperature and crystallization of tung-
sten oxide. The dependence of crystallization on the acti-
vation temperature was altered by the loading, which was
not surprising from previous studies, and the preparation
method, which was a finding of this study. Here we dis-
cuss the effect of preparative route and activation tem-
perature on the state of surface tungstate species before
crystallization into WO3 which was undesired for isomer-
izing n-butane. The vibrational features of tungsten ox-
ide on a solid surface have been extensively studied with
Raman spectroscopy (15, 20) but less so with infrared spec-
troscopy. Most of the Raman studies have been made under

dehydrated conditions (21), but none under in situ reaction
conditions. As mentioned in the results section, we used
–TUNGSTATE AEROGELS 203

DRIFT spectroscopy to characterize the surface tungstate
species, in flowing helium, at room temperature and at
588 K.

DRIFT spectroscopy was used to resolve the species
present under ambient conditions. We have assumed that
the molecular structures of tungstate on zirconia were com-
parable to structures found in aqueous solution (21). In this
work, we assigned the infrared bands from 960–990 cm−1 to
W==O vibrations of hydrated polytungstate species on zir-
conia with structures resembling W6O20(OH)5−, W12O10−

41 ,
and W12O6−

39 . At ambient conditions, only bands due to
these hydrated polytungstate species were observed. As
activation temperature increased from 973 to 1123 K, this
band shifted from 970 to 990 cm−1. In aqueous solution, the
specific tungsten oxide species that can exist depends on the
solution pH and concentration (34). Referring to the tung-
sten oxide aqueous phase diagram, we note that the pre-
dominant species in solution changes from W6O20(OH)5−

to W12O10−
41 or W12O6−

39 as the ion concentration increases.
We also note that the surface density of hydrated tungsten
oxide on zirconia increased with the activation temperature
due to sintering of the underlying zirconia support. Hence,
the peak shift seen in the DRIFT spectra at ambient con-
ditions was caused by conversion from one polytungstate
species to another as surface density increased.

The influence of the surface structures on the catalytic
properties was demonstrated by comparing the catalytic
data for IWP-10 to the tungstate species identified by
DRIFT spectroscopy at elevated temperature. Table 4 lists
the catalytic activities of IWP-10 over the range of acti-
vation temperatures. Comparison with Fig. 12b shows that
the infrared peak at 1010 cm−1, under heated conditions,
became more prominent with increasing catalytic activity.
Our results showed that activity in n-butane isomerization
correlated with the presence of an infrared peak at 1008–
1010 cm−1, which is indicative of an active surface tungstate
species (WOx) described in the literature as a distorted octa-
hedrally coordinated polyanion. The sample with the high-
est specific activity corresponded to one with only a single
peak at 1010 cm−1 in the in situ DRIFT spectra. The infrared
signatures in this region disappeared upon crystallization of
tungsten oxide. There also appeared to be a relationship
between the infrared signatures of the tungstate species
present under ambient and heated conditions. Under ambi-
ent conditions, the sample calcined at the optimum activa-
tion temperature for catalytic activity possessed a peak po-
sitioned at 990 cm−1. Catalytically inactive materials could
be identified by a vibrational band located at the lowest fre-
quency of 970 cm−1, making it possible to easily distinguish
between potentially active and inactive materials.

By preparing samples at a variety of activation temper-
atures, we were able to study the evolution of zirconia-

tungstate as it changed from a material inactive in the iso-
merization of n-butane into a material which was active.
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Up to this point, we have shown the effect of activation tem-
perature on surface structures and its use in the character-
ization of zirconia-tungstate. Further comparison of Co-10
and IWP-10 allowed us to examine the relationship be-
tween surface structures and the corresponding activity and
acidity. Table 4 compares the activity and Brønsted acidity
of Co-10 and IWP-10. As discussed below, both materials
were active in the isomerization of n-butane when stronger
Brønsted acid sites were present on the surface. These sites
were identified by the highest temperature at which they
can adsorb pyridine irreversibly as determined by infrared
spectroscopy. We have already determined that the catalytic
activity was related to a particular surface tungstate species.
The link between catalytic activity and stronger Brønsted
acidity established that the active species was responsible
for the generation of stronger acid sites which resulted in
catalytic activity. It was clear, however, that Co-10 and
IWP-10 were catalytically active at completely different
activation temperatures. We concluded that the prepara-
tive route strongly influenced the activation temperature
required to produce a catalytically active material, but it
did not affect the active species responsible for the activity.

Schematic Models of 10 wt% W Zirconia-
Tungstate Aerogels

Figure 14 shows a model of the surface of IWP-10 at el-
evated temperatures to summarize the evolution of WO3

crystallites and WOx monolayer over all activation tem-
peratures. Analysis of the in situ DRIFT spectra allowed
identification of the species present on the surface during
the reaction. Activation at 973 K created a material with
an infrared peak at 970 cm−1 under ambient conditions and
peaks at 970 and 1010 cm−1 under heated in situ conditions
(Fig. 12). The band at 1010 cm−1 was attributed to an octa-
hedrally coordinated surface species formed by decomposi-
tion of hydrated polytungstate species upon heating at ele-
vated temperatures. Therefore, as shown in Fig. 14, IWP-10
activated at 973 K possessed a small population of dehy-
drated surface tungstate, denoted as WOx, while the left-
over tungstate remained in the original polytungstate state.
When the activation temperature was increased from 973 to
1073 K, two peaks were detected at 970 and 1010 cm−1 under
in situ reaction conditions. This behavior was again ascribed
to partial decomposition of hydrated polytungstate into a
dehydrated surface structure as shown in the model. Fi-
nally, Fig. 14 illustrates that activation at 1123 K yielded the
most active material corresponding to one with the highest
coverage of zirconia by the active surface tungstate species
WOx. Crystalline WO3 was also present, as identified by
Raman spectroscopy, and proceeded to completely cover
the surface with the higher activation temperature. In this
schematic model, the growth of WO3 crystallites does not

imply the displacement of the WOx monolayer because the
bottom of each crystallite is in essence a surface phase in-
ND KO

FIG. 14. Schematic model of IWP-10 at 553 K in helium.

teracting with the support. A similar model of the surface of
Co-10 is given in Fig. 15. In this case, however, tungstate was
present in the bulk of the material resulting in the surface
structure being highly sensitive to the activation tempera-
ture. At 1073 K, the material was inactive, implying that
the active WOx surface species was not present. DRIFT
spectroscopy at ambient conditions suggested that hydrated
polytungstate was evident by a peak at 970 cm−1 in Fig. 13.
Activation at 1173 K caused the expulsion of tungstate from
the bulk of zirconia, which was capable of partially decom-
posing from hydrated polytungstate into WOx upon heating
at 553 K. Higher temperature activation resulted in com-
plete coverage of zirconia by surface tungstate and tungsten
oxide, followed by further crystallization of WO3.

Brønsted Acid Strength Hierarchy in Zirconia-
Tungstate Aerogels

In this work, we characterized the acidic properties of
zirconia-tungstate aerogels by the irreversible adsorption
of pyridine as the pyridinium ion. Spectroscopic analysis of
adsorbed pyridine allowed a noncontroversial technique to
rank Brønsted acid strength—stronger Brønsted acid sites
retain adsorbed pyridine at higher temperatures (35). We

also used the isomerization of n-butane as a probe for acid-
ity because it is generally accepted to be the most useful
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FIG. 15. Schematic model of Co-10 at 553 K in helium.

in the screening of catalytic materials and is known to re-
quire very strong Brønsted acid sites (3). Before arranging
an acidity scale to rank Brønsted acid strengths, we verified
that the catalytic reaction was indeed a probe for very strong
acid sites. Table 4 makes evident that all Co-10 samples ca-

pable of catalyzing n-butane isomerization also adsorbed
py

same chemical probes, alkane isomerizations, and base ad-
s
ridine at 623 K. It illustrates that inactive samples only sorption, were used to describe the Brønsted acid strength
FIG. 16. Brønsted acid hierarchy in zirconia-tungstate aerogels. Activa
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retained pyridine up to a temperature of 553 K. This estab-
lished a correlation between the catalytic activity and the
presence of stronger Brønsted acid sites on the surface and
verified the use of the isomerization as a probe reaction
for acid sites of a certain strength. Exact placement of the
isomerization in an acidity scale was accomplished by refer-
ring to IWP-10 activated at 1073 K. It was noted that some
activity was detected in the isomerization of n-butane but
adsorbed pyridine was not detected at 623 K. We concluded
that irreversible adsorption of pyridine at 623 K required
slightly stronger acid sites than those that were involved in
n-butane isomerization at 553 K.

To summarize, Fig. 16 illustrates a hierarchy of Brønsted
acid strengths accessible by zirconia-tungstate aerogels. The
rank order of Brønsted acid strengths was based on ac-
tivity in n-butane isomerization and the temperatures at
which samples irreversibly adsorbed pyridine. A similar,
but slightly less developed, acidity scale has been used to
qualitatively describe the acidity of zirconia-silica-sulfate,
zirconia-sulfate, and zirconia aerogels (24). In this work,
it was possible to separate zirconia-tungstate into three
regimes of increasing Brønsted acid strength: (i) samples
capable of adsorbing pyridine irreversibly at 553 K; (ii) sam-
ples capable of n-butane isomerization at 553 K, and (iii)
samples capable of adsorbing pyridine irreversibly at 623 K.
In doing so, we have shown that the Brønsted acid strength,
and thus the catalytic activity in n-butane isomerization, is
dependent on the preparation method and activation tem-
perature.

Figure 17 relates the acidity of the zirconia-tungstate to
zirconia aerogels modified by a range of other dopants. The
tion temperatures required for a given acid strength displayed in bars.
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FIG. 17. Brønsted acid hierarchy in modified zirconia aerogels. Dopant content and activation temperatures appear above bars. Shaded bars
s
represent materials after optimal activation. Open bars represent material

of zirconia promoted with silica, sulfate (4), silica-sulfate
(24), and phosphate (8). Figure 17 illustrates that doped
zirconias after optimal high temperature activation, for en-
hancement of strong acid sites, usually differ from those
activated at a specific temperature such as 773 K. Refer-
ring to the literature (8, 24), and to recent work with zir-
conia promoted with sulfate and phosphate (36), has al-
lowed the samples after optimal activation to be accurately
placed in this acidity scale. For example, for a zirconia-
phosphate co-gel with 10 mol% P, we have previously estab-
lished that increasing the activation temperature results in
a corresponding increase in the Brønsted acid strength (8).
Figure 17 shows that activation at 773 K (the open bar)
produces a zirconia-phosphate co-gel active in the isomer-
ization of 1-butene, while optimal activation at 1173 K (the
shaded bar) produces a sample that can also adsorb pyri-
dine at 553 K. Similarly, we see that zirconia promoted with
sulfate or silica-sulfate can possess Brønsted acid sites of
different strengths depending on the activation tempera-
ture (24). Hence, meaningful comparisons between the ef-
fects of a set of dopants on the acidity of a support must

be done for optimally activated samples. Following this
approach, we conclude that the rank order for the four
activated at 773 K.

dopants is tungstate∼ sulfate> phosphate> silica, in terms
of their ability to enhance the Brønsted acid strength of zir-
conia. Work is ongoing in our laboratory to develop a finer
scale that could distinguish between tungstate and sulfate.
Finally, Fig. 17 demonstrates that placement of other solid
acids into this scale will provide a useful tool for catalyst
designers in the development of acid catalysts for a specific
application.

CONCLUSIONS

We have illustrated how a one-step preparation of
zirconia-tungstate aerogels has allowed a deeper under-
standing of the relationships between preparation, struc-
ture, and acidity. Comparison of aerogels prepared by a one-
step and an incipient wetness preparation has shown that
the optimum activation temperature in n-butane isomeriza-
tion strongly depends on the method of preparation. Specif-
ically, the tungstate dopant contained in the bulk of the co-
gel required expulsion onto the surface of zirconia before
the onset of activity. This demonstrated the dependence of

the calcination temperature for catalytic activity on the lo-
cation of the dopant. The active sites in this reaction were
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determined by DRIFT spectroscopy to be identical regard-
less of preparative method. They correspond to an octa-
hedrally coordinated surface tungstate species. Our results
further elucidate the relationship between surface acidity
and catalytic activity. Maximum catalytic activity occurred
on a material with (i) a larger population of Brønsted acid
sites and (ii) the presence of stronger Brønsted acid sites.

Analysis of zirconia-tungstate aerogels has also demon-
strated the effectiveness of pyridine adsorption and cata-
lytic reactions in the acid characterization of oxides. The
results have allowed development of an acidity scale that
can be extended to other materials. This approach will en-
able characterization of the maximum strength of Brønsted
acid sites and provide a first step towards the development
of solid acids for a specific application by design.
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