JOURNAL OF CATALYSIS 179, 100-110 (1998)
ARTICLE NO. CA982137

Crystallization Behavior of Tungstate on Zirconia
and Its Relationship to Acidic Properties

Il. Effect of Silica

Raymond A. Boyse! and Edmond 1. Ko?

Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213-3890

Received December 2, 1997; revised April 1, 1998; accepted April 28, 1998

Zirconia-silica—tungstate aerogels were prepared by sol-gel
chemistry followed by supercritical drying. The materials were char-
acterized using nitrogen adsorption, X ray diffraction, Raman and
DRIFT spectroscopy, and n-butane isomerization. Using the tech-
nique of prehydrolysis, we explored the role of silica, and the degree
to which it was mixed with zirconia on the catalytic and acidic prop-
erties. The presence of silica, both dispersed in zirconia (well mixed)
and segregated on the surface of zirconia (poorly mixed), retarded
sintering caused by heat treatment, thereby increasing the surface
area of the aerogels. On poorly mixed zirconia-silica, tungstate ef-
fectively dispersed onto the surface regardless of the existence of
silica-rich patches. The ensuing reduction in specific activity in n-
butane isomerization, compared to zirconia—tungstate, established
that tungstate on these patches did not enhance active sites. On
well-mixed zirconia-silica, the presence of siloxane species in the
support further reduced catalytic activity by extending the influ-
ence of silica in zirconia—tungstate. The lower catalytic activities
of these materials correlated with the presence of weaker Brgnsted
acid sites than those of zirconia—tungstate. This work demonstrates
that silica as a dopant is effective in increasing the surface area
of zirconia—tungstate but not in enhancing n-butane isomerization
activity.  © 1998 Academic Press

INTRODUCTION

Solid acid catalysts offer more environmentally friendly
alternatives to conventional materials used in the chemical
and petroleum industries (1). Among these alternatives of
solid acids is the emerging class of metal oxides modified by
dopants (2). Extensive research is available on several ma-
terials, particularly zirconia—sulfate which shows high activ-
ity at low temperatures in reactions requiring strong acid-
ity such as cracking, alkylation, and isomerization (3, 4).
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More recently, zirconia-tungstate has received interest,
for similar applications to zirconia—sulfate, because of its
resistance to both dopant loss during thermal treatment
and deactivation during catalytic reaction (5-13). Several
examples of the potential of these materials are avail-
able: Fe- and Mn-promoted zirconia—sulfate exhibits very
high activity at low temperatures in alkane isomeriza-
tion (14); Pt-promoted zirconia-tungstate exhibits supe-
rior selectivity in isomerizations of larger alkanes such as
n-heptane (8).

Several thorough studies exist to give a reasonably
good understanding of zirconia—tungstate. Among these
are studies focusing on the acidic properties of zirconia—
tungstate (7), the catalytic behavior of the metal promoted
material (8), and the structure of the dispersed surface
tungstate (9). In our previous work with this material, we
examined the effect of a range of preparation parame-
ters on the catalytic and acidic properties (10). In partic-
ular, preparation method and activation temperature were
found to play adominantrole inyielding a material active in
n-butane isomerization. We established that the optimum
activation temperature for a catalytically active material
was strongly dependent on the preparation method. We cor-
roborated the requirement that saturation coverage on the
surface was ideal for an n-butane active material—attaining
this coverage, however, was a strong function of preparation
method, tungstate loading, and activation temperature. Af-
ter the correct parameters were chosen to disperse a mono-
layer of tungstate on the surface of zirconia, the material
became catalytically active in n-butane isomerization. Fi-
nally, the observed activity corresponded to the presence
of increased Brgnsted acid strength generated by the same
active tungstate species regardless of preparation param-
eters. The possibility of enhancing the surface area or the
active site density of zirconia—tungstate has motivated other
studies, for example, on the role of extra anionic dopants on
zirconia—tungstate (15). In this work, we look at the effect
of modifying the underlying zirconia support with silica. We
chose silica because of its potential in enhancing the surface



ROLE OF SILICA ON ZIRCONIA-TUNGSTATE AEROGELS

area caused by the inhibition of sintering and in changing
acidsite distribution caused by interactions between cations
with different electronegativities (16, 17).

To determine the role of silica on zirconia-tungstate,
we used sol-gel chemistry to prepare zirconia-silica sup-
ports of differing homogeneity enabling us to determine
the importance of silica distribution on the final proper-
ties (17, 18). Contrasting with coprecipitation techniques,
sol-gel chemistry enables better control over the mixing
of the two components. The standard alkoxide route yields
a zirconia-silica support whereby zirconia particle forma-
tion precedes the formation of silica—in essence yielding
a poorly mixed oxide with segregated zirconia and silica
regions (16, 17, 19). Using the sol-gel technique of pre-
hydrolysis promotes mixing of the metal alkoxides on a
molecular scale and forms a more homogeneous material.
In this manner, we can deliver zirconia-silica supports that
are both well mixed or poorly mixed. This approach al-
lows study of the effect of silica as a bulk oxide and as a
dispersed oxide on the acidity of zirconia-silica promoted
with tungstate and, consequently, a better understanding
of the interactions between silica and tungstate and their
mutual effects on the chemical properties of zirconia.

EXPERIMENTAL

Sample Preparation

Zirconia-silica—tungstate aerogels were prepared by in-
cipient wetness impregnation of zirconia-silica aerogel
supports with an aqueous solution of ammonium meta-
tungstate (10, 17). We prepared zirconia-silica aerogels us-
ing zirconium n-propoxide and tetraethylorthosilicate pre-
cursors in the presence of a small amount of nitric acid,
followed by drying in carbon dioxide under supercritical
conditions (17). The zirconia-silica supports were prepared
by both prehydrolyzed (PH) and nonprehydrolyzed (NPH)
methods to explore the effect of support homogeneity on
the final properties (17, 18). The sol-gel parameters used in
preparing the aerogels are summarized in Table 1.

In the nonprehydrolyzed preparation of zirconia-silica—
tungstate aerogels, we added 12.6 ml zirconium n-pro-
poxide (70 wt% in propanol, Alfa) and 1.56 ml tetra-
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ethylorthosilicate (TEOS, Aldrich) to a solution of 15 ml
1-propanol (Fisher) and 1.05 ml HNOj3; (70% w/w, Fisher).
The nominal silica loading was 20 mol% Si. This loading
level was large enough to have an impact on the surface area
but not so large as to inhibit the crystallization of zirconia
into the tetragonal phase, desired for catalytic activity (3).
In a second beaker, 1.25 ml distilled water was mixed with
15 ml 1-propanol. The contents of the second beaker were
rapidly added to the first beaker until gelation occurred,
which was recognized with the disappearance of the vor-
tex caused by stirring. The exact time between mixing and
gelation was recorded in Table 1 as the gel time. The prod-
uct alcogel was aged for 2 h at room temperature before
displacement of the alcohol solvent by carbon dioxide un-
der supercritical conditions. In an autoclave operating at
about 343 K and 20 x 10° kPa, the alcohol was displaced
from the alcogel in approximately 2 h. The product aero-
gel was ground into a powder to pass through 100 mesh.
Subsequent drying consisted of heating at 383 K under a
vacuum for 3 h to remove water, followed by heating at
523 K under a vacuum for 3 h to remove residual organics
and nitrates. Tungstate was incorporated, at two loadings
of 10 and 14 wt% W, by impregnation to incipient wetness
of the X ray amorphous powder with an aqueous solu-
tion of ammonium metatungstate hydrate (Aldrich). These
loadings were guided by our previous work on zirconia—
tungstate aerogels (10) to afford meaningful comparisons
of acidic and catalytic properties. The materials were then
dried under vacuum at 383 K for 3 h followed by calcination
in flowing oxygen (27 I/h) for 2 h at a temperature in the
range 1073 to 1223 K referred to as the activation tempera-
ture. We denote these materials, with 10 and 14 wt% W, as
20Si-10W and 20Si-14W, respectively.

The final aerogel was prepared by using a prehydrolyzed
zirconia-silica also containing 20 mol% Si. In the prehy-
drolyzed preparation, a portion of the total water was mixed
with the silicon precursor. The prehydrolysis ratio, defined
as the molar ratio of water to silicon (mol H,O/mol Si), was
chosen as 2.7 to promote mixing of zirconia and silica on a
molecular level (17). Briefly, we added 1.34 ml TEOS to a
solution of 20 ml 1-propanol and 0.05 ml HNOj3 (70% wi/w,
Fisher) and 0.270 ml H,O. The solution was stirred for 10
minutes before addition of 10.76 ml zirconium n-propoxide

TABLE 1

Sol-Gel Parameters for Zirconia-Silica—Tungstate Aerogels?

Water ratio® Acid ratio PH water ratio® PH acid ratio Gel time
Sample (mol H,O/mol M) (ml acid/mol M) (mol H,O/mol Si) (ml acid/mol Si) (s)
20Si-10W 2.70 29.9 0.0 0.0 53
20Si-14W 2.70 29.9 0.0 0.0 65
20Si(PH)-14W 2.85 35.7 2.7 8.5 131

2 All gels prepared in 30 ml alcohol.

 Nomenclature: PH = prehydrolyzed; M = metal atoms.
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and the remaining 1.02 ml HNOsg. In a second beaker,
0.81 ml distilled water was mixed with 15 ml 1-propanol.
The contents of the second beaker were added to the first
beaker to yield an alcogel. Supercritical drying, vacuum
drying and calcination procedures were identical to those
followed for the non-prehydrolyzed materials. Tungstate
(14 wt% W, nominal) was added by incipient wetness im-
pregnation. We designate this sample 20Si(PH)-14W.

Sample Characterization

Textural, structural, acidic, and catalytic properties were
examined for each of the samples. Textural characterization
was determined by nitrogen adsorption using an Autosorb-
1 gassorption system (Quantachrome Corp.). Sampleswere
outgassed at 383 K, under vacuum, for 2 h prior to analy-
sis. Forty point desorption isotherms were obtained, from
which the BET surface area, total pore volume, and pore
size distribution were calculated. Zirconia and tungsten
oxide crystal phase determinations were made from X
ray powder diffraction (XRD) patterns obtained using a
Rigaku D/max diffractometer with Cu K, radiation. Crys-
talline tungsten oxide was further monitored using Raman
spectroscopy. Laser Raman spectra were recorded using a
Spex 1403 0.85 m double spectrometer. The 488 nm line
of a Spectra-Physics model 2020 Argon ion laser was used
for excitation. Spectra were gathered from samples con-
tained in glass vials, under ambient conditions, over the
range 200-1200 cm~* with a spectral slit width of 600 xm
and step size of 2cm™1. Differential thermal analysis (DTA)
was performed on a Perkin-Elmer DTA 1700 thermal an-
alyzer with thermal analysis data station. Thermogravi-
metric (TG) analysis was performed on a Cahn 113 Ther-
mogravimetry Microbalance monitored by a Cahn 2000
Recording Electrobalance. In both DTA and TG experi-
ments, approximately 60 mg samples were heated at a rate
of 10 K/min from room temperature to 1273 K under flow-
ing helium (3 I/h).

Catalytic activities were determined using a differential,
downward flow, tubular fixed bed reactor of 0.5 inch di-
ameter, operated at atmospheric pressure. Approximately
0.5 g of sample was pretreated at 588 K for 1 h under
2.4 1/h (40 sccm) flowing helium. The sample was then
cooled to 553 K and exposed to a feed stream mixture of
0.06 I/h (1 sccm) n-butane (Matheson, Research Grade) in
0.60 I/h (10 sccm) hydrogen (Matheson UHP). A Gow-Mac
550P gas chromatograph with thermal conductivity detec-
tor (Column: Supelco 23% SP 1700 on 80/20 Chromosorb,
1/8 in. x 30 ft) was used to determine the composition of
the product stream. The reactions were run differentially
at conversions of less than 5%. Isobutane was the only ob-
served product over zirconia-silica—tungstate aerogels in-
dicating that cracking or reforming reactions were negli-
gible under these conditions. We note that trace amounts
of propane were observed during reaction over the most
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active zirconia-tungstate aerogels. The reaction rates were
calculated as specific activity using the experimentally de-
termined surface area at each calcination temperature.

Diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy was employed to study the silica species on the
materials. The experiments were carried out on a Mattson
Galaxy 5020 FT-IR, with a DTGS detector and a Har-
rick diffuse reflectance attachment (DRA-2). Additionally,
in situ DRIFT spectroscopy of adsorbed pyridine was ac-
complished using a Harrick reaction chamber (HVC-DR2)
(20). Each spectrum was acquired by averaging 128 scans
taken over the range 400-4000 cm™~ at a resolution of
2cm~!, obtained from samples diluted in KBr. Ex situ spec-
trawere acquired under ambient conditions, whereas in situ
DRIFT spectra were acquired under flowing helium. Un-
der in situ conditions, samples were pretreated at 588 K for
15 minutes, similar conditions to those used in the isomer-
ization of n-butane, after which a spectrum was collected.
The type and strength of acidity on the surface was mea-
sured by cooling the samples to 373 K and subsequently
exposing them to pyridine for 15 minutes by diverting the
helium flow through a pyridine saturator. Spectrawere then
taken at 373, 423, 473, 553, and 623 K after 10 minutes in
flowing helium at each temperature. The type of surface
acidity was determined by the peaks at 1445 and 1490 cm !
(21, 22). Relative populations of Brgnsted and Lewis sites
were calculated by the method of Basila and Kantner (23)
using the integrated areas under the previously mentioned
peaks. The relative strength of the acid sites was determined
by monitoring the effect of temperature on the peaks at
1445 and 1490 cm~*. Materials with stronger Brgnsted acid
sites retained irreversibly adsorbed pyridine up to higher
temperatures.

RESULTS

Textural Properties of Zirconia-Silica—Tungstate Aerogels

The roles of support homogeneity, tungstate loading,
and activation temperature on the textural properties were
examined using nitrogen adsorption. The zirconia-silica—
tungstate aerogels possessed surface areas in the range of
78-94 m?/g after activation at 1073 K (see Table 2). The cor-
responding area of zirconia—tungstate aerogel, with 10 wt%
W prepared by the same method, was 73 m?/g (10). The
higher surface area, attributed to the presence of silica,
demonstrated that silica further prevented the deteriora-
tion of surface area caused by sintering due to heat treat-
ment. These areas were significantly higher than those of a
pure zirconia aerogel, which retains a surface area of about
40 m?/g after calcination at 1073 K (24), caused by the added
resistance to sintering associated with dopants. Table 2 also
shows that both of the aerogels with nonprehydrolyzed
supports, 20Si-10W and 20Si-14W, clearly maintained
higher surface area than sample 20Si(PH)-14W with the
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TABLE 2

Textural Properties of Zirconia—Silica—Tungstate Aerogels

Activation Pore Surface
temperature Loading® volume area
Sample (K) (W-units/nm?)  (cm®g)  (m?g)
20Si-10W 773 2.23 0.46 163
1073 3.87 0.38 94
1123 4.38 0.37 83
1173 5.51 0.36 66
1223 11.03 0.25 33
20Si-14W 773 3.27 0.51 163
1073 5.99 0.41 89
1123 7.62 0.38 70
1173 10.66 0.33 50
1223 15.24 0.28 35
20Si(PH)-14W 773 3.63 0.48 147
1073 6.84 0.40 78
1123 7.96 0.38 67
1173 11.59 0.34 46
1223 15.68 0.29 33

@Calculation based on the experimentally determined surface areas
and assuming each W-unit occupied 0.16 nm?,

prehydrolyzed support. Previous research has established
the less effective extent to which a well-mixed zirconia—
silica, prepared by prehydrolysis, resists surface area loss
with increasing heat treatment (16, 17). Hence, the lower
surface area of 20Si(PH)-14W was a direct consequence
of the homogeneous nature of the zirconia-silica support.
The pore volumes of the aerogels were in the range 0.38—
0.41 cm®/g after activation at 1073 K, which was higher than
zirconia-tungstate aerogel’s value of about 0.29 cm®/g. The
aerogels were mesoporous with average pore sizes of 9—
10 nm, whereas the prehydrolyzed material 20Si(PH)-14W
possessed a much broader distribution of pore sizes due to
the well-mixed nature of the support (16).

Figure 1 shows the effect of activation temperature on
the surface areas of samples 20Si-10W, 20Si-14W and
0Si-10W, the pure zirconia-tungstate aerogel. Zirconia—
tungstate showed a continuing surface arealoss with respect
to activation temperature. The equivalent sample with sil-
ica, 20Si-10W, also shows a similar loss up to a temperature
of 1223 K, whereupon a relatively sharp loss in area was ob-
served. Sample 20Si-14W demonstrated the exact same be-
havior except that the sharp area loss occurred at the lower
activation temperature range of 1123-1173 K. Both of these
sharp losses corresponded to the formation of crystalline
WOj3 as identified by X ray diffraction. Hence the crystal-
lization of WO3; was concurrent with an accelerated loss
in surface area, probably caused by plugging of the pores
(11), illustrating that zirconia-silica—tungstate retained the
highest surface area when tungstate was dispersed on the
surface.
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Structural Properties of Zirconia-Silica—Tungstate Aerogels

The effect of silica, and the extent to which it was mixed
with zirconia, was further evident in the structural proper-
ties of the support and the surface tungstate. Differential
thermal analysis monitored the tetragonal-to-monoclinic
transformation of the aerogels. This phase transformation
was accompanied by a decomposition of organic species
associated with alkoxide-based materials observed in ther-
mogravimetric analysis, allowing TG to monitor the crys-
tallization of zirconia as well as the thermal stability of the
dopants. Samples 20Si-10W and 20Si-14W remained X ray
amorphous up to 1113 K during a 10 K/min heat ramp as op-
posed to 893 K for zirconia—tungstate. These observations
established that zirconia-silica—tungstate remained X ray
amorphous to even higher temperatures than zirconia—
tungstate. Using XRD, we monitored the phase transfor-
mation of both zirconia and tungsten oxide. As shown in
Fig. 2, the existence of an X ray peak at 20 ~ 30° verified
the presence of tetragonal zirconia in all the samples with
calcination at 1073 K. Figure 2 also demonstrates that the
samples remained in the tetragonal phase of zirconia with
activation up to 1223 K. Activation above this temperature
resulted in the tetragonal-to-monoclinic transformation of
zirconia, evident in the XRD pattern in Fig. 2 for sample
20Si-10W.

The emergence of crystalline WO3 with increasing acti-
vation temperature was recognized by three peaks in the
XRD pattern in the range 26 ~ 23-25°. Figure 2 shows the
formation of WO3; on sample 20Si-14W and 20Si-10W at
activation temperatures of 1173 and 1223 K, respectively.
Previous research suggests that WO3; forms on zirconia
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FIG. 1. Effect of heat treatment (calcination for 2 h at the tempera-

tures indicated) on the BET surface areas of aerogels 0Si-10W, 20Si-10W,
and 20Si-14W.
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FIG.2. X-ray diffraction patterns for samples 20Si-10W, 20Si-14W, and 20Si(PH)-14W as a function of activation temperature. Metastable
tetragonal (T) zirconia indexed by a peak at 26 ~ 30°, crystalline WOj3 by peaks at 20 ~ 23-25°.

and is detectable by XRD, above theoretical monolayer
coverage, which occurs as tungstate surface density in-
creases as a result of sintering of the underlying zirconia
(10). Table 2 illustrates that the emergence of WO3; was
identified by XRD at surface loadings in the range 10.7-
11.0 W-units/nm?>—loadings which were indeed in excess
of a single monolayer approximated at 6.25 W-units/nm?
(10). The activation temperature resulting in WOj3 crystal-
lization was lower for 20Si-14W than 20Si-10W because
less surface area reduction caused by retarded sintering of
the underlying support was necessary for monolayer cov-
erage to be exceeded in the former sample that had more
tungstate. Figure 2 demonstrates that the prehydrolyzed
sample 20Si(PH)-14W exhibited WO3; peaks after activa-
tion at 1173K similar to the nonprehydrolyzed sample 20Si—
14W with the same tungstate loading. Hence, formation of
WO3; was primarily a function of tungstate loading in rela-
tion to the surface area of the underlying support.

A more detailed assessment of tungstate structure was
possible using Raman spectroscopy. Figure 3 shows the ef-
fect of activation temperature on the Raman spectra for
samples 20Si-10W, 20Si-14W, and 20Si(PH)-14W. Because
of a high Raman scattering cross-section, smaller WO3;
crystallites are detectable by Raman than XRD (9, 27).
Figure 3a shows the emergence of WOs3, evident by peaks at
805and 715cm~1, on sample 20Si-10W at an activation tem-
perature of 1173 K. This temperature was lower than that
determined by XRD and corresponded to a surface loading
significantly closer to that of approximately one monolayer.
Figure 3b, c shows similar spectra for samples 20Si-14W and
20Si(PH)-14W. Both samples possessed WOj5 after activa-

tionat 1123 Kwhich corresponded to surface loadingsin the
range 7.6-8.0 W-units/nm?. Again, tungsten oxide crystal-
lization occurred in the vicinity of monolayer coverage, and
remained unaffected by the presence or distribution of silica.

Figure 4 shows the ex situ DRIFT spectra of each of the
zirconia-silica—tungstate aerogels to allow further insight
into the structure of the materials. The emergence of a peak
at 750 cm~! corresponded to the formation of crystalline
WOj3; observed in XRD patterns. Symmetric and asymmet-
ric Si—-O-Si vibrations were observed in all samples at 805—
830 and 1000-1250 cm™?, respectively. Deconvolution of
the band at 1000-1250 cm~! into two bands representing
the transverse and longitudinal mode of asymmetric Si—
O-Si vibrations is given in Table 3. We observe that the
transverse mode, designated peak 11, consistently shifted
to higher wavenumbers with increasing activation temper-
atures. This trend, evident in each of the materials shown
in Fig. 4, was associated with an increasingly stronger silica
network (28, 29). The implications of this network strength-
ening are discussed later in more detail.

Catalytic and Acidic Properties of Zirconia—
Silica—Tungstate Aerogels

The zirconia-silica—tungstate aerogels were probed for
catalytic activity over strong acid sites by the isomerization
of n-butane in H, at 588 K. The samples exhibited no notice-
able deactivation with time-on-stream—the activity during
reaction over a 90-min time period deviated by less than
0.025 umol/m?/h from the steady-state or average activity.
Repeated examination of a test sample (with ex situ recalci-
nation at 773 K in oxygen between reactions) demonstrated
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FIG. 3. Raman spectra for samples (a) 20Si-10W, (b) 20Si-14W, and
(c) 20Si(PH)-14W as a function of activation temperature. Peaks at 805
and 715 cm~! are indexed to crystalline WO3.

that a loss in the catalytic activity did not occur, and that
the activity remained in a window of about 0.15 zmol/m?/h,
which was about 10% of the maximum observed specific
rate. Figure 5 shows the dependence of steady-state activity
on activation temperature for all of the aerogels. Reported
activation temperatures for maximum activity in this reac-
tion are in the range 1073-1123 K (5, 6). The most active
aerogel was 0Si-10W—the material without silica. The op-
timum activation temperature for maximum catalytic activ-
ity was at 1123 K. This temperature corresponded to sat-
uration coverage of zirconia, as observed by the onset of
WO3; formation by Raman spectroscopy, which occurred at
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about theoretical monolayer coverage (10). Sample 20Si-
10W had the same tungstate loading as sample 0Si-10W,
but the optimum activation temperature was shifted to
the higher temperature of 1223 K. The maximum activity
also occurred at saturation coverage, which was attained
with activation at 1173-1223 K as determined by Raman
spectroscopy and XRD, respectively. Hence, the catalytic
activity was highest with maximum coverage of the sup-
port surface by dispersed tungstate and did not occur in the
typical temperature range found in the literature (5, 6, 8) as
a result of the increased surface area of this mixed oxide
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FIG. 4. Ex situ DRIFT spectra for samples (a) 20Si-10W, (b) 20Si-
14W, and (c) 20Si(PH)-14W as a function of activation temperatures
(i) 1073 K, (ii) 1123 K, (iii) 1173 K, and (iv) 1223 K. Peaks from 1000
to 1250 cm~! are indexed to Si-O-Si asymmetric vibrations.
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TABLE 3

Ex Situ Si-O-Si Deconvoluted Peak Locations with Respect
to Activation Temperature

1073 K 1123 K 1173 K 1223 K
Sample 12 1n° | " | 1 | 1
20Si-10W 1188 1060 1200 1080 1208 1102 1204 1116
20Si-14W 1204 1082 1208 1107 1207 1116 1204 1118

20Si(PH)-14wW 1200 1076 1199 1092 1203 1117 — —

2 Longitudinal mode of asymmetric Si—-O-Si vibration given in wave-
numbers (cm™1).

b Transverse mode of asymmetric Si-O-Si vibration given in wavenum-
bers (cm™Y).

support. By increasing the tungstate loading to 14 wt%
W, Fig. 5 shows that the activity profiles for samples 20Si-
14W and 20Si(PH)-14W both have maximum catalytic ac-
tivity at 1123 K—the points of WOj3; formation as seen by
Raman spectroscopy. Both samples had lower specific ac-
tivities than the nonsilica sample 0Si—-10W, suggesting that
the presence of silica (i) resulted in a decrease in the active
site density or (ii) weakened the existing acid sites on the
surface of zirconia.

The acidic properties of samples 20Si-14W and
20Si(PH)-14W activated at 1123 K were determined us-
ing DRIFT spectroscopy of adsorbed pyridine. We veri-
fied the existence of (i) Lewis acid sites by peaks at 1610
and 1447 cm~! and of (ii) Bransted acid sites by peaks and
1540 and 1490 cm~1. The materials possessed both Lewis
and Brgnsted acid sites similar to zirconia-tungstate as es-
tablished by peaks at 1490 and 1447 cm~2. Table 4 shows
the relative strength of the Brgnsted acidity which was as-

1.5

——0Si - 10W
—8—20Si - 10W
—B—20Si - 14W
—6—20Si (PH) - 14 W

1.0 +

Rate (pmol/hr/m?)

05+

0.0

873 973

1073
Activation Temperature (K)

1173 1273

FIG. 5. Steady-state n-butane isomerization activity as a function of
activation temperature (after 70 min time-on-stream) for samples 0Si—
10w, 20Si-10W, 20Si-14W, and 20Si(PH)-14W. Samples were calcined in
flowing oxygen for 2 h at the temperatures indicated.
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TABLE 4
Catalytic and Acidic Properties of Aerogels Activated at 1123 K

Temperature range of

Catalytic activity pyridine desorption from

Sample (umol/m?/h) Brensted acid sites?
0Si-10W 1.39 623-673 KP
20Si-14W 0.39 553-623 K
20Si(PH)-14W 0.22 553-623 K

@ Determined by pyridine FT-IR spectroscopy.
5 From Ref. 10.

certained by monitoring the effect of temperature on the
peak at 1490 cm~1. For sample 20Si-14W, irreversibly ad-
sorbed pyridine was observed on the surface at 553 K, but
not at 623 K. We previously observed that pyridine was re-
tained on catalytically active zirconia—tungstate up to tem-
peratures of 623 K (10). This temperature is very similar
to that reported elsewhere to which pyridine remains irre-
versibly adsorbed on zirconia-tungstate (25, 30). Hence, the
silica containing sample, 20Si-14W, possessed sites of lesser
strength to zirconia—tungstate. Sample 20Si(PH)-14W also
adsorbed pyridine at 553 K, but the infrared signature of
pyridinium ion was weaker, suggesting that this sample
contained (i) weaker sites than zirconia—tungstate and (ii)
fewer sites than 20Si-14W. We note in passing that these
temperatures are not high enough for pyridine decomposi-
tion rather than desorption (25).

DISCUSSION

Previous studies of zirconia-tungstate based materials
demonstrate that the synthesis of a strong solid acid, ac-
tive in reactions such as alkane isomerizations, requires the
presence of a crystalline zirconia support (3, 4) promoted
with dispersed tungstate (8, 10). Standard parameters rec-
ommended to produce this material are loadings of about
10-12 wt% W (6, 8) with calcination in the temperature
range 1073-1123 K (5-10). Under these circumstances, ther-
mal treatment induces support crystallization followed by
solid—solid wetting of zirconia by tungstate to surface sat-
uration coverage (6, 8). In this work, we explored the pos-
sibility of enhancing zirconia—tungstate by adding silica to
produce aerogels of higher surface areas and, in the pro-
cess, have gained insight into the relative importance of
variables such as support homogeneity, tungstate loading,
and activation temperature.

The addition of 20 mol% Si during the preparation of
zirconia—-tungstate yielded a material, sample 20Si-10W,
with a surface area of 94 m?/g after activation at 1073 K
(Table 2). The measured surface area for sample 0Si—10W,
which did not contain silica, was 73 m?/g at the same acti-
vation temperature (10)—differences between areas were
above the experimental error of approximately 5%. It
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appeared that the role of silica in the enhancement of textu-
ral properties was to stabilize ZrO, against sintering caused
by heat treatment (3, 10). Thermal analysis established
that crystallization of 20Si-10W occurred at a significantly
higher temperature than 0Si-10W, thus verifying that the
thermal stability imparted to ZrO, by tungstate was further
enhanced by the presence of silica. In addition to affect-
ing texture, Fig. 5 illustrates that the presence of silica also
changed the catalytic behavior of 20Si-10W with respect
to 0Si-10W. Sample 20Si-10W attained maximum catalytic
activity after calcination at 1223 K, contrasting with the op-
timum activation for sample 0Si-10W of 1123 K. The signif-
icant difference in the optimum activation temperature was
explained by recalling that the requirement for optimum ac-
tivity is saturation coverage of zirconia by tungstate (8, 10).
For example, saturation coverage on 0Si-10W occurred af-
ter activation at 1123 K (10): this treatment induced the
appropriate surface area loss, by sintering of the under-
lying support, to give approximately monolayer coverage
of zirconia (estimated at a loading of 6.25 W-units/nm?).
We note in passing that the term monolayer coverage was
used to represent the amount of tungstate on zirconia-silica
with respect to the experimentally determined surface area.
This term has proved useful here and in previous work (10)
because it consistently approximated the point at which
maximum catalytic activity occurred. However, the term
is not meant to represent the actual structure of dispersed
tungstate on the support, which very likely does not exist
as an actual monolayer (8, 30). In other words, our results
do not rule out small clusters of tungsten oxide, especially
at low loadings, as the catalytically active species.

In this study, sample 20Si-10W retained a higher surface
area than a typical zirconia—-tungstate material because of
the presence of silica. Table 2 verifies that theoretical mono-
layer coverage was attained with calcination in the range
1173-1223 K corresponding to a surface-loading range of
5.5-11.0 W-units/nm?. Hence, the necessity for a higher acti-
vation temperature for sample 20Si—-10W corroborated the
relationship between maximum catalytic activity and satu-
ration coverage of the support. At 1123 K, there simply was
not enough tungstate to cover the surface of this support,
thus there was a fraction of the support not contributing to
catalysis. Because the data in Fig. 5 were calculated using
total support surface area, there was an apparent shift in
the activation profile of 20Si-10W.

Other possible factors that may alter catalytic behavior
include the crystal phase of ZrO, which has been associated
with the generation of strong acid sites responsible for cata-
Iytic activity (3, 6, 19, 26). XRD patterns in Fig. 2 verified
that sample 20Si-10W exhibited the tetragonal phase of zir-
conia over the entire activation range tested and was there-
fore not responsible for the changing activity profile. How-
ever, we note that silica loadings higher than 20 mol% Si
may prevent support crystallization thereby having an ad-
verse effect on catalytic activity (19). For example, Miller
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and Ko observed that zirconia-silica with 50 mol% Si is
X ray amorphous after activation at 973 K and exhibits
only a weak crystal structure at 1173 K (17).

The necessity for complete coverage on the higher sur-
face area zirconia-silica prompted an increase in tungstate
loading from 10 to 14 wt% W to maximize activity at a
lower activation temperature. Table 2 demonstrates that
sample 20Si-14W attained theoretical monolayer coverage
after activation between 1073 and 1123 K recognized by an
increase in surface tungstate density from 5.99 to 7.62 W-
units/nm?. Figure 3 verified that the onset of WO3; forma-
tion, corresponding to a Raman peak at 805 cm™, occurred
in this temperature range. Referring to the catalytic pro-
file in Fig. 5, we see that the optimum activation tempera-
ture shifted from 1223 to 1123 K, as expected, by increasing
tungstate loading. The role of loading on stability was clar-
ified by comparison of 20Si-10W and 20Si-14W: activation
at 773 and 1073 K generated materials with very similar
surface areas (Table 2) despite different tungstate loadings.
Above 1123 K, tungstate loading became an important fac-
tor because it controlled the activation temperature associ-
ated with the onset of surface arealoss concurrent with WO3
crystallization. Apparently, as long as tungstate remained
dispersed, implied by a lack of Raman peaks at 805 cm™!
indicative of WOg3, the loading did not modify noticeably
the resistance of zirconia-silica to sintering.

From the discussion so far, it is evident that the addition
of silica did not alter the crystallization behavior of tung-
state. On the other hand, changes in activity and acidity
inferred that some interaction was taking place between
the dopants. To elucidate the interactions between each of
the components, we present a schematic model in Fig. 6 of
samples 20Si-14W and 20Si(PH)-14W based on previous

20Si - 14W 20Si (PH) - 14W
WO, WO,
(53@‘ 1073K [ ¢ < >
/ \ Si-0-8i Link
Si0O, Patch
t-Zr0, 1123K e ~
Si0, Patch
Crystalline WO, )
Crystalline WO
t-Z 1173 K

¢

FIG. 6. Schematic models of 20Si-14W and 20Si(PH)-14W.
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work with zirconia-silica mixed oxides (16, 17) and
zirconia—tungstate supported oxides (10). The two samples
possessed supports of different homogeneity. Miller and Ko
demonstrated that control over mixing was afforded during
the sol-gel preparation by a technique called prehydrolysis
(16, 17). They concluded that without prehydrolysis, zirco-
nia particles rapidly formed during the wet gel preparation,
ontowhich silicawas deposited. The resulting poorly-mixed
zirconia-silica became the support for sample 20Si-14W,
which after activation at 1073 K can be modeled schemati-
cally in Fig. 6 as a material with silica patches on the surface
of zirconia. Increasing heat treatment induced growth of
the silica patches by simultaneously augmenting (i) surface
area loss by sintering and (ii) phase separation of zirconia
and silica. Monaco and Ko reported that an increase in the
frequency of the transverse mode of asymmetric Si—-O-Si
vibrations corresponds to growth of silica particles (28).
Table 3 shows that sample 20Si-14W exhibited a peak Il
shift from 1082 to 1118 cm~! with an increase in activation
from 1073 to 1223 K. Hence, ex situ DRIFT data in Fig. 4
confirmed that the silica patches on zirconia got larger,
covering a larger fraction of the surface, with increasing
activation temperature as shown schematically in Fig. 6.

For sample 20Si-14W in Fig. 6, there was clear evidence of
some interaction between silicaand tungstate. X ray diffrac-
tion and textural data determined that both samples 20Si-
10W and 20Si-14W contained only dispersed tungstate be-
low theoretical monolayer coverages. The immediate impli-
cation of this observation was that WOj3 crystallization took
place at about complete coverage of the zirconia-silica sup-
port, despite the presence of silica domains on the surface.
Hence, we conclude that tungstate remained dispersed on
the silica regions. This result is unexpected in light of the
fact that tungstate and silica interact much more weakly
than tungstate on other oxides such as alumina, zirconia,
and titania. For example, WOj3 crystallizes on pure silica
after activation at temperatures as low as 773 K (27). Be-
cause there was no premature crystallization of WO3 below
calcination at 1073 K, despite the presence of large patches
of surface silica, tungstate on the silica patches clearly did
not behave as tungstate would on bulk silica. In fact, it ap-
peared that the silica patches were thin enough to allow the
underlying zirconia to stabilize dispersed tungstate.

Even though we observed that tungstate evolved on
zirconia-silica and zirconia in a similar manner, catalytic
data in Fig. 5 illustrate that after optimum activation, both
samples 20Si-10W and 20Si-14W were noticeably less ac-
tive than sample 0Si-10W calcined at 1123 K. The appar-
ent prerequisite for n-butane active samples has been the
existence of well-dispersed tungstate on zirconia (8, 10).
This raises a question: if tungstate remains dispersed on
zirconia-silica, why is there an observed decrease in cata-
Iytic activity? Recall that pyridine remained irreversibly
adsorbed on the surface of 20Si-14W at a temperature
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of 553 K. Meanwhile, we note that even though zirconia-
tungstate, capable of adsorbing pyridine up to 553 K, is
n-butane active, optimum activation generates a material
capable of adsorbing pyridine up to 623 K (10). Hence,
pyridine adsorption differentiated between n-butane ac-
tive sites of two strengths: sites adsorbing pyridine up to
623 K which are highly active; sites adsorbing pyridine up
to 553 K which are less so. In this work, sample 20Si-14W
possessed Brgnsted acid sites of reduced strength compared
to those of zirconia—tungstate. Consequently, we observed
a decrease in catalytic activity upon addition of silica. As
shown in Fig. 6, 20Si-14W was a nonprehydrolyzed mate-
rial containing 20 mol% Si consisting primarily of surface
silica patches. Taking into account the preferential segre-
gation of silica on the surface, we speculate that those sites
participating in the isomerization were those least weak-
ened by silica and therefore farthest away from the silica
patches which resided over a large fraction of the zirconia—
silica. Finally, the loss in catalytic activity upon increasing
the activation temperature to 1173 K was probably caused
by the combined emergence of WO3 (which is inactive in
n-butane isomerization) and growing silica patches on the
surface of zirconia.

Considering the reduced activity resulting from silica-
rich regions, one might anticipate that well-mixed zirconia—
silica, with fewer silica patches on the surface interacting
with tungstate, would be more catalytically active. To ac-
complish this outcome, we used prehydrolysis to disperse
silica throughout the support yielding sample 20Si(PH)-
14W. Briefly, during the formation of the zirconia—silica gel,
prehydrolysis enables the monodispersed silicon precursor
to form dimers and trimers before formation of zirconia
primary particles (16). Hence, a prehydrolyzed support also
possesses siloxane (Si—O-Si) links throughout the zirconia
network, as depicted in Fig. 6. We verified the more homo-
geneous nature of 20Si(PH)-14W by analysis of the decon-
voluted silica infrared peak from 1000-1250 cm™! (peak II
in Table 3). With calcination at 1073 K, peak Il was po-
sitioned at 1076 cm~! for 20Si(PH)-14W as opposed to
1082 cm™? for 20Si-14W. Apparently, the Si-O-Si bonds
contained in the siloxane species, resulting from the prox-
imity of zirconium atoms, were weaker and resulted in a
shift to lower frequency for the Si-O-Si band—the lower
peak Il frequency vibration was consistent with the pres-
ence of siloxane links. At the higher activation temperature
of 1123 K, the peak positions for 20Si(PH)-14W and 20Si—
14W were 1092 and 1107 cm™?, respectively, indicating that
dispersed siloxane species were still present in zirconia in
the prehydrolyzed sample. At 1173 K, however, the similar
infrared signatures evident in Fig. 4b, c implied that the pre-
hydrolyzed and non-prehydrolyzed materials were identi-
cal in terms of silica distribution. In sum, sample 20Si(PH)-
14W contained less surface silica than 20Si-14W in the tem-
perature range 1073-1123 K.
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Figure 5 clearly shows that 20Si(PH)-14W was less active
than 20Si-14W despite the fact that it possessed both fewer
silica-rich patches and fewer crystalline WO3 (Fig. 3c). Thus,
the low specific activity cannot be explained in terms of sur-
face silica alone. We noted that XRD patterns and Raman
spectra in Figs. 2 and 3 show the similar evolution of crys-
talline WO3; on these samples—support homogeneity did
not alter the behavior of surface tungstate. As expected,
maximum activity occurred with activation at 1123 K at
monolayer coverage of zirconia by dispersed tungstate. The
reduction in n-butane activity was consequently assigned
to the presence of dispersed siloxane links in the zirconia
network. Although the exact role of these siloxane links
was unclear, their manifestation on acidic properties was
evidenced in pyridine FT-IR. Sample 20Si(PH)-14W (well
mixed) activated at 1123 K retained irreversibly adsorbed
pyridine up to 473 K, and possibly 553 K, but the pyri-
diniumion signature at this temperature was noticeably less
than that of pyridinium ion on 20Si-14W (poorly mixed).
The addition of dispersed silica, in the form of siloxane,
therefore weakened the overall Brgnsted acid strength,
in a manner similar to silica patches in 20Si-14W. The
weaker pyridinium ion signature at the same temperature
of 553 K in conjunction with reduced catalytic activity indi-
cated that the presence of siloxane reduced the number of
catalytically active acid sites compared to 20Si-14W, but not
the strength of the active sites. Therefore, we speculate that
using prehydrolysis to disperse silica throughout the zirco-
nia support increased the influence of silica on the acidity
of zirconia—tungstate by enabling siloxane to affect those
regions not in the immediate proximity of the surface silica
patches.

Recent studies (7, 8, 30) have suggested that redox chem-
istry plays an important role in n-alkane isomerization over
zirconia—-tungstate. However, samples in these studies ei-
ther contain platinum, which facilitates the reduction of
tungsten species at about 440-500 K (8), or are treated in a
reducing atmosphere prior to reaction (30). Thus, we cannot
directly compare our zirconia—tungstate aerogels with these
samples in terms of the reducibility of tungsten species. On
the other hand, we previously monitored the evolution of
zirconia—tungstate from an inactive catalytic material to an
active one and demonstrated that activity correlated with
the presence of strong Brgnsted acid sites (10). In this study,
we also associated a decrease in specific activity with a re-
duction in surface Brgnsted acid strength. So even though
we cannot exclude the role of redox chemistry in our sam-
ples, there is compelling evidence that Brgnsted acidity re-
mains a key indicator of catalytic activity.

CONCLUSIONS

The addition of silica stabilizes zirconia—tungstate against
sintering by heat treatment. The resulting increase in sur-
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face area requires that tungstate loading be increased over
standard loadings, to achieve saturation coverage of the sur-
face for activity in n-butane isomerization. On poorly mixed
zirconia-silica, tungstate remains dispersed on the mixed
oxide surface, which consists largely of silica “patches.”
Hence, tungstate dispersion does not behave as it would
on bulk silica but is stabilized on the silica patches by the
underlying zirconia. A reduction in catalytic activity, com-
pared to zirconia-tungstate, demonstrates that dispersed
tungstate on silica patches does not stabilize strong acid
sites capable of n-butane isomerization. Improving mix-
ing by the sol-gel technique of prehydrolysis reduces the
segregation of silica on the surface of zirconia. This tech-
nique produced the least active material implying that
the siloxane species generated by prehydrolysis were the
most effective at weakening Brgnsted acid strength. Re-
sults in this study reaffirmed the key parameters that are
crucial in having an active zirconia—-tungstate sample and,
at the same time, highlight the subtle features that can
arise from introducing another dopant to this catalytic
system.
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