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Tungstated zirconia catalysts containing WO3 loadings rang-
ing from 3.6 to 23.9 wt% were prepared by refluxing an aqueous
suspension of hydrous zirconia containing appropriate amounts
of metatungstate, drying, and calcinating at 923 K or 1098 K.
The acidic properties of the samples were characterized by low-
temperature infrared spectroscopy with adsorbed CO as a probe
molecule. Both Lewis and Brgnsted acid centers with enhanced acid
strength were created as the WOj3 loading increased. The Lewis sites
are coordinatively unsaturated surface Zr** ions. Their density de-
creased significantly as the WO3 loading approached saturation,
and simultaneously the surface ZrOH groups disappeared. These
observations are consistent with high (perhaps monolayer) disper-
sion of the surface tungstate. The Brgnsted acid strength also in-
creased with increasing WO3 loading up to saturation and remained
constant at higher loadings. These results show that large WO3 do-
main or cluster sizes are required to create strong Brensted acidity.
Zr-heteropolytungstates containing charge-compensating protons
are proposed as surface structures to account for the observations.
The catalytic activities of these materials for n-pentane isomeriza-
tion at 523 K in a flow reactor were found to parallel the measured
Brgnsted acid strengths. However, because an induction period of
increasing catalytic activity was found, followed by catalyst de-
activation, it is suggested that the detected Brgnsted acidity may
not simply account for the catalytic activity. Catalytic and in-situ
Raman spectroscopic evidence indicates the formation of carbona-
ceous surface deposits during the induction period. These may be
converted into catalytic sites and ultimately into deposits that cause
catalyst deactivation.  ( 1998 Academic Press

INTRODUCTION

Sulfated zirconia and related catalysts have been inves-
tigated extensively because of their potential for replacing
halide-type solid acids and zeolites for alkane isomerization
processes (1). These nonhalide solid acids undergo rapid
deactivation (2), and they may undergo sulfur loss during
high-temperature reactions (3). As an alternative to sul-
fated zirconia, tungstated zirconia, WO,/ZrO, (WZ), was
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also reported to be active for isomerization of C4 to Cgalka-
nes (4-7). Although WZ is much less active than sulfated
zirconia, it offers an important advantage as the WOy units
in WZ are much more stable than the sulfate groups in
sulfated zirconia at high temperatures (8) and in reductive
atmospheres (3).

WO, species on ZrO, support surfaces create strongly
acidic sites (4-7,9). The WO, species at saturation coverage
on ZrO; inhibit ZrO, sintering and the tetragonal to mono-
clinic ZrO, phase transformation (6,7,9). The creation of
strongly acidic centers appears to require WOy clusters; X-
ray absorption spectra (6,10) indicate that distorted octahe-
dral W8+ species dominate on ZrO, surfaces, and UV-Vis
spectra (6) demonstrate that WOy domain sizes increase
with loading. These conclusions are consistent with our own
UV-Vis and Raman spectra characterizing samples having
WOj3 loadings ranging from 3.6 to more than 30 wt% (9).

Apart from the information that the WO surface species
are octahedral polymeric clusters (structurally distinct from
WQO3), little is known about the structural characteristics
of the WOy overlayers. Synthesis of active catalysts re-
quires hydrous zirconia rather than ZrO,. We have there-
fore speculated (9) that Zr** might be incorporated within
the polymeric clusters, forming surface analogues of molec-
ular heteropolytungstates. This tentative structural model
is consistent with our Raman and optical spectra (9). These
presumed surface heteropolyoxo anions would also need
protons for charge compensation, and these might be re-
sponsible for the observed Brgnsted acidity. The O-H
stretching bands in the infrared spectra support this sug-
gestion (9). The acidic character of tungstated zirconias
was tested by adsorption of the bases pyridine (10), 2,6-
dimethylpyridine (7), and CO (at low temperature) (9),
with the results all demonstrating the presence of both
Lewis and Brgnsted acid sites. The CO-induced red shift of
the O-H stretching band of 8.6 wt% WQ3/ZrO,? (a sam-
ple with saturation coverage of WO3) was found to be

2 Loadings of WOy are represented on the basis of the assumption that
WOy was WO3.

0021-9517/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



2 SCHEITHAUER ET AL.

ca 160 cm™! (9), almost identical to the shift observed for
sulfated zirconia (11). This shift is about half that mea-
sured for the zeolite HZSM-5, which implies that tungstated
zirconia is only a moderately strong solid acid; the data pro-
vide no evidence of sites with extremely strong acidity.

Catalytic tests of these solid acids (occasionally contain-
ing Pt) have been done with the isomerization of n-butane
(10), n-pentane (to give 2-methylbutane) (7), and n-heptane
(6). The catalysts typically showed high activities under
mild conditions (although the required temperatures were
higher than those reported for sulfated zirconias), and they
had high selectivities for the isoalkanes with very little dis-
proportionation or cracking. The n-pentane isomerization
activity was found to pass through a maximum as the tung-
sten loading increased (5,7). Iglesia et al. (6) suggested that
the reactions are bimolecular, involving hydrogen transfer
from alkanes or H,. Selective poisoning experiments with
2,6-dimethylpyridine (site titration) allowed an estimate of
the density of Brgnsted acid centers, revealing that only a
small minority of the acid sites were very strongly acidic (7).

Here we report an investigation of the acidic character of
tungstated zirconias containing between 3.6 and 23.9 wt%
WO3 by low-temperature IR spectroscopy of adsorbed CO,
which permits discrimination between Lewis and Brgnsted
acid sites and a qualitative ranking of the acid strength
based on frequency shifts of the carbonyl stretching mode
of adsorbed CO and of the O-H stretching mode of acidic
surface hydroxyl groups (12). The catalytic isomerization of
n-pentane to 2-methylbutane was also investigated with the
aim of correlating the acidic character of the catalysts with
their activities. As in n-butane isomerization catalyzed by
sulfated zirconias (13), there was an induction period during
which the catalytic activity grew in; we also report Raman
spectra characterizing hydrocarbon deposits that form on
the catalyst surface (14) during the induction period and
the subsequent deactivation period.

EXPERIMENTAL

Catalyst Preparation

The WZ catalysts were prepared, as described previously
(9), by suspending hydrous zirconium oxide (MEL Chem-
icals) in agueous solutions containing amounts of ammo-
nium metatungstate (Fluka) sufficient to yield materials
with loadings between 3.6 and 23.9 wt% WOQj; in the cal-
cined state. The suspensions were refluxed at 383 K for
16 h, followed by evaporation of the water, drying at 383 K
for 12 h, and calcination at temperatures between 773 and
1098 K for 3 h. The BET surface areas were measured with
a Sorptomatic 1800 instrument (Carlo Erba) after drying
of the samples at 473 K in dynamic vacuum for 1 h. The
samples are listed in Table 1, together with their WO3 load-
ings, surface areas, and the sample notation; the three or

TABLE 1

Catalyst Sample Numbers, WO3 Contents, and BET Surface
Areas of Tungstated Zirconia Samples

Catalyst sample WOj3; content, Calcination Surface area,
number wt% temperature, K m?/g
71098 — 1098 18
3.6WZ923 3.6 923 54
3.6WZ1098 3.6 1098 30
5.9WZ923 5.9 923 64
5.9WZ1098 5.9 1098 40
8.6WZ923 8.6 923 69
8.6WZ1098 8.6 1098 46
10.5WZ923 105 923 82
10.5WZ1098 10.5 1098 46
13.6WZ923 13.6 923 88
13.6WZ1098 13.6 1098 42
19.0WZ773 19.0 773 119
19.0WZz923 19.0 923 96
19.0WZ1098 19.0 1098 35
23.9WZ923 23.9 923 70
23.9WZ1098 23.9 1098 30

four digits following the sample notation indicate the calci-
nation temperature in K.

Low-Temperature IR Spectroscopy

IR spectra were recorded with a Bruker IFS-66 FTIR
spectrometer equipped with a liquid N2-cooled MCT detec-
tor. Self-supporting wafers (ca 15-20 mg/cm?) were pressed
at ca 200 bar and pretreated in dry O, (50 ml (NTP)/min)
at 673 K for 1 h. The pretreated samples were cooled to lig-
uid N, temperature under vacuum (<103 mbar) for 1.5 h.
Then the spectra were measured after the samples had been
exposed to CO at increasing equilibrium pressures (0.1-
40 mbar).

Laser Raman Spectroscopy

The Raman spectra were recorded with the scanning
multichannel technique (15) on an OMARS 89 triple-
monochromator spectrometer (Dilor) equipped with a
thermoelectrically cooled CCD-camera (Princeton Instru-
ments). The 488-nm line of an Ar*-ion laser (Spectra
Physics, Type 2020) was used for excitation. A laser power
of approximately 30 mW (measured at the sample position)
was applied. The spectral resolution was 5 cm~. Dehydra-
tion of the samples and the subsequent catalytic isomeriza-
tion reaction were carried out in a quartz flow reactor with
an inner diameter of 1 cm. Before each experiment, the
catalyst was heated in flowing O, (30 ml (NTP)/min) from
room temperature to 673 K at 10 K/min, and the tempera-
ture was then held at 673 K for 1 h. After this pretreatment,
the catalyst was cooled to 523 K (reaction temperature) in
a 30-mI(NTP)/min flow of He for 30 min. The flow rate of
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reactant, n-pentane (0.01 bar in carrier gas N3), was 20 mi
(NTP)/min.

n-Pentane Isomerization

Catalytic reactions were conducted in a once-through
plug flow reactor at 1.01 bar (16). The reaction tempera-
ture was 523 K; the feed was a mixture of n-pentane and N,
with the partial pressure of n-pentane being 0.01 bar. The
total feed flow rate was 20 ml (NTP)/min, and the mass of
catalyst was 1.0 g. Hydrocarbon products were analyzed by
on-line gas chromatography (GC) with an alumina PLOT
column 0.53 mm in diameter and 30 min length and a flame-
ionization detector. The first GC injection was after 5 min
on stream, and 10 subsequent injections were made at inter-
vals of 16.5 min, with subsequent injections every 60 min.

Before each reaction experiment, the catalyst was pre-
treated in air (30 ml (NTP)/min), heated from room tem-
perature to 673 K at 10 K/min, and held at 673 K for 1 h.
Then the catalyst was cooled to 523 K (reaction tempera-
ture) in N flowing at 30 mI(NTP)/min for 30 min.

RESULTS

Low-Temperature IR Spectroscopy

O-H stretching region. Transmission IR spectra in the
O-H stretching region of samples calcined at 923 K (Sam-
ples 3.6WZ923, 8.6WZ923, and 19.0WZ923) are shown in
Figs. 1A—C. The high noise in the spectra is a consequence
of the low transmittance of the sample wafers at frequencies
greater than 3000 cm~1. The background spectra (0 mbar
CO)in Figs. LA-C were recorded prior to adsorption of CO.
Two bands, at 3777 and 3741 cm~?, characterizing Sample
3.6WZ923 (Fig. 1A), and at 3768 and 3742 cm™*, charac-
terizing Sample 8.6WZ923 (Fig. 1B), were observed for the
lower WOj3 loadings, but not in the spectrum of Sample
19.0WZz923, which had a higher WO3 loading (Fig. 1C).
All background spectra show an increased absorption at
frequencies less than approximately 3700 cm~?, with weak
maxima near 3670 cm~* for Sample 3.6WZ923 and at ap-
proximately 3630 cm~* for the other two samples.

After adsorption of CO, the absorptions at 3670 and
3630 cm~! were almost quantitatively eroded, even at the
lowest CO equilibrium pressures, and a broad band grew
in at lower wavenumbers, indicating that the CO probe un-
derwent hydrogen bonding with OH groups. The frequency
positions of the broad bands shifted relative to the weak
maxima at 3670 and 3630 cm™! by ca 90, 115, and 160 cm ™,
respectively, for the three samples as the WOj3 loading in-
creased.

Results very similar to these were obtained for the
samples calcined at 1098 K. As representative examples,
Figs. 2A and B show the O-H stretching region of IR spec-
tra of samples 3.6WZ1098 and 19.0WZ1098, respectively.
Two bands (at 3772 and 3743 cm™t) were observed prior

to CO adsorption (Fig. 2A), but only a very weak band
(at 3745 cm~1) was detected in the background spectrum
of Sample 19.0WZ1098 (Fig. 2B). Like the spectra of the
samples calcined at 923 K, the spectrum of each of the sam-
ples calcined at 1098 K shows an increased absorption at
wavenumbers less than approximately 3700 cm™, with a
weak maximum between ca 3625 and 3650 cm~* (Figs. 2A
and B). When CO was adsorbed (Figs. 2A and B), strong
broad bands developed again, with their maxima being
shifted by 125 and 170 cm™?, respectively, relative to the
maxima in the background spectra of Samples 3.6WZ1098
and 19.0WZ1098.

The wavenumbers of the O-H stretching modes before
and after CO adsorption are summarized for all the samples
in Table 2, which also includes the shift of the O-H band
after adsorption of CO relative to the weak maximum of
the lowest-frequency O-H band.

The spectra shown in Figs. 1 and 2 and the data summa-
rized in Table 2 demonstrate the following results:

(i) the highest-frequency O-H mode attributed to ZrOH
groups eroded continuously with increasing WO3 loading;

(ii) the intensity of this O-H mode disappeared at a load-
ing of only 8.6 wt% WOj; for samples calcined at 1098 K,
whereas it disappeared at a loading of 13.6 wt% after cal-
cination at 923 K;

(iii) the position of the high-frequency band of the
tungstated samples at the lower loadings occurred at lower
wavenumbers than that of pure zirconia and shifted to lower
wavenumbers with increasing WOj3 loading (Table 2);

(iv) the shift of the O-H band induced by CO adsorption
relative to the weak maximum of the low-frequency O-H
mode was in all cases greater than that observed for pure
zirconia and increased with increasing WO3 loading;

(v) these frequency shifts, Avon, Seem to have decreased
slightly with increasing CO pressure, suggesting a decrease
in hydrogen bond energy with coverage;

(vi) increasing CO-induced frequency shifts, Avon, were
accompanied by an increasing band width, consistent with
increasing hydrogen bond energy (cf. spectrain Fig. LA and,
e.g., 1C);

(vii) O-H stretching frequency shifts, Avoy, were larger
for the samples calcined at the higher temperatures at equal
loading in the range below the maximum shift. For exam-
ple, the shifts were 135, 160, and 170 cm~ for Samples
19.0WZ773, 19.0WZ923, and 19.0WZ1098, respectively.

CO stretching region. IR spectra in the vco stretching
region after adsorption of CO at ca 80 K are exemplified
in Figs. 3A and B and Figs. 4A and B, respectively, for
Samples 3.6WZ923 and 19.0WZ923 and 3.6WZ1098 and
19.0WZ1098. Three frequency regimes were typically ob-
served, namely, 21702195 cm~?, 2150-2160 cm—?, and near
2140 cm~L. The high-frequency component became satu-
rated even at the lowest CO pressure (0.1 mbar), whereas
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Low-temperature IR spectra of the O-H stretching region of tungstated zirconia with varying WO3 loadings calcined at 923 K prior to and

after CO adsorption at ca 80 K: (A) Sample 3.6WZ923; (B) Sample 8.6WZ923; (C) Sample 19.0WZ923.

the central band required somewhat higher CO pressures
for saturation. The former bands are characteristic of the
strong coordination of CO molecules to cation sites (Lewis
acid centers), whereas the latter bands fall into the regime
characteristic of hydrogen-bonded CO (12, 17). The low-
frequency component near 2140 cm™! (nearly equal to the
frequency of gas-phase CO, 2143 cm™1), which appeared

only as a shoulder and which grew in intensity with increas-
ing CO pressure, is attributed to physisorbed CO.

These spectra clearly indicate the presence of Lewis acid
centers, most likely coordinatively unsaturated Zr** cen-
ters, at WO3 loadings well below the saturation coverage
(estimated to be ca 19.0 wt% WO3 for the samples calcined
at 923 K). The band at 2176 cm™! in Fig. 3A shows the
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FIG. 2. Low-temperature IR spectra of the O-H stretching region of tungstated zirconia with varying WO3 loadings calcined at 1098 K prior to
and after CO adsorption at ca. 80 K: (A) Sample 3.6WZ1098; (B) Sample 19.0\WZ1098.

presence of these sites on Sample 3.6WZ923. As the WO3
loading increased, the corresponding vco band shifted to
higher frequency, ultimately becoming only a weak shoul-
der at 2184 cm~! for Sample 19.0WZ923 (Fig. 3B). The cen-
tral band of hydrogen-bonded CO, which is characteristic
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of Brensted acid sites, was observed at 2157 cm~* for Sam-
ple 3.6WZ923 (Fig. 3A) and at 2170 cm~* for 19.0WZ923
(Fig. 3B) at low CO pressures. The band shifted to lower
frequencies (closer to the gas-phase frequency) as the CO
pressure increased.
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FIG.3. Low-temperature IR spectra of CO adsorbed at ca 80 K on (A) Sample 3.6WZ923 and (B) Sample 19.0WZ923.
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FIG. 4. Low-temperature IR spectra of CO adsorbed at ca 80 K on (A) Sample 3.6WZ1098 and (B) Sample 19.0WZ1098.

Trends similar to these are evident in the spectra of
CO adsorbed on the samples calcined at 1098 K. A very
broad, ill-defined absorption centered at approximately
2185 cm~! was observed for the low-loaded Sample
3.6WZ1098 (Fig. 4A), whereas a far less intense band ap-
peared at 2191 cm~* in the spectrum of Sample 19.0WZ1098
(Fig. 4B). The bands of hydrogen-bonded CO are located
at 2164 cm~! and 2170 cm™! in the spectra of Samples
3.6WZ1098 and 19.0WZ1098, respectively, at low CO pres-
sures and shifted toward the gas-phase frequency of CO as
the pressure increased.

Low-temperature adsorption of CO on all the other sam-
ples (independent of calcination temperature) gave compa-
rable spectra. Typically, the C-O stretching frequency of the
coordinated CO species increased by a few wavenumbers,
whereas the intensity simultaneously decreased as the WO3
loading approached the saturation value (10 wt% for sam-
ples calcined at 1098 K and ca 20 wt% for samples calcined
at 923 K). The vco frequency of the hydrogen-bonded CO
also increased with increasing WOj3 loading and remained
constant beyond saturation coverage.

W=0 stretching region. Representative IR spectra in
the W=0 stretching region are shown in Figs. 5A-C for
Samples 3.6WZ923, 8.6WZ923, and 19.0WZ923, respec-
tively, and in Figs. 6A and B for Samples 3.6\WZ1098 and
19.0WZ1098, respectively. The spectra recorded prior to
adsorption of CO rather closely resemble the correspond-
ing Raman spectra (9), although the relative intensities of
the bands are different.

A broad W=0 absorption band at 995 cm~! is evident
in the spectrum of Sample 3.6WZ923 recorded prior to ad-
sorption of CO (Fig. 5A). This band was completely eroded
after exposure to CO. The spectrum of Sample 8.6WZ923
prior to CO adsorption (Fig. 5B) shows two major broad
bands (at 1017 and 1008 cm™1), which shifted to 1010 and
996 cm™* after exposure to CO. However, when the WO3
loadings were high (e.g., Sample 19.0WZ923), an almost
negligible shift of the W=0 stretching modes at 1021 and
1014 cm~! was observed after adsorption of CO (Fig. 5C),
although the relative intensities and band widths changed
slightly. Very similar trends were observed for the samples
calcined at 1098 K (Figs. 6A and B).

The spectra in the W=0 stretching region in Figs. 5A-C
and 6A and B show the following results:

(i) The effect of CO on the W=0 stretching modes de-
creased with increasing WOj3 loading;

(ii) the perturbation ceased to occur at lower WO3 load-
ings for the samples calcined at the higher temperature,
(e.g., for Sample 8.6WZ1098 (spectrum not shown) as com-
pared to Sample 19.0WZ923).

n-Pentane Isomerization Catalysis

Data analysis. Normalized conversion to product con-
taining i carbon atoms is defined as (moles of product
formed/moles of n-pentane fed) x (i/5). The sum of the
normalized conversions to products gives the n-pentane
conversion. The selectivity to a product containing i car-
bon atoms is determined by the normalized conversion
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FIG.5. Low-temperature IR spectra in the W=O stretching region prior to and after CO adsorption on (A) Sample 3.6WZ923; (B) Sample
8.6WZ923; and (C) Sample 19.0WZ923.

to the product/n-pentane conversion. Because the conver- Performance of WZ catalysts. Several members of the
sions were less than a few percentages, they were assumed two series of WZ catalysts calcined at 923 and 1098 K, re-
to be differential. Thus, the rate of product formation and  spectively, were prepared twice (independently). The cata-
the rate of n-pentane conversion are estimated by (nor- lytic performances of the separate preparations at equal
malized conversion to product) x (moles of n-pentane fed/ WO3; loading and calcination temperature were qualita-
s x g of catalyst) and (conversion of n-pentane) x (molesof tively the same, and the rates of n-pentane conversion
n-pentane fed/s x g of catalyst), respectively. agreed within ca 20%.
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Not all the WZ samples were active for conversion of
n-pentane at 523 K and a n-pentane partial pressure of
0.01 bar. For example, the samples with WO3 loadings
of 3.6 wt% and 5.9 wt% calcined at 1098 K and the sam-
ples with WO3; loadings of 8.6 and 10.5 wt% calcined at
923 K gave negligible or extremely low conversions, sug-
gesting that only larger oxide clusters or patches provide
catalytically active structures. In the presence of the active
WZ catalysts, the observed products of n-pentane conver-
sionwere isopentane, isobutane, propane, and traces of hex-
anes and n-butane. The products indicate the occurrence
of isomerization accompanied by disproportionation and
cracking, consistent with acid-base catalysis. The colors of
the active catalysts changed from white or slightly yellow
to gray after operation.

Figure 7 shows a typical dependence of the rate of n-
pentane conversion on time-on-stream (TOS) for catalyst
Sample 19.0WZ923. The rate at zero TOS was essentially
zero, increasing with TOS and passing through a maximum.
All of the active catalysts showed this qualitative behav-
ior. We refer to the period prior to the maximum as the
induction period and that following as the deactivation pe-
riod. The time to the maximum rate was less for catalysts
exhibiting higher activities. The rate of deactivation was
lower for catalysts having lower activities. The selectivities
to 2-methylbutane (isopentane) were between 60 and 80%,
being only slightly dependent on TOS. Typically, the most
active catalysts (e.g., Sample 19.0WZ923) also showed the
highest isomerization selectivity.
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As a basis for a comparison of the activities of cata-
lysts with different WO3 loadings, the maximum rates of
n-pentane conversion measured at 523 K as a function of
TOS were chosen; this choice is arbitrary but conventional
for sulfated and tungstated ZrO,. This maximum rate is
shown in Figs. 8A and B as a function of WO3; loading
and calcination temperature. The activities of samples con-
taining less than approximately 8 wt% WO3; were almost
negligible, independent of the calcination temperature. The
catalysts calcined at 1098 K are characterized by activities
that rise relatively steeply with increasing WO3 content,
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FIG.7. Rate of n-pentane conversion as function of time on stream

in a flow reactor at 523 K.
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induction period on WOj3 loading at 523 K: A, rate per unit mass; B, rate
per unit surface area; -lM- Sample xXWZ1098; -@- Sample xXWZ923.

reaching a plateau near 10 wt% WOj3;, and declining be-
yond 20 wt% WOj3. The rise in rates below ca 15 wt% WO;
was less pronounced for the catalysts calcined at 923 K than
for the others. At 19 wt% WO3 a relatively sharp maximum
was observed (the highest rate measured), followed by a
steep decline beyond ca 20 wt% WOs3.

Several experiments with interrupted n-pentane flow
were conducted in attempts to shed light on the phenomena
occurring during the induction period. The most active cata-
lyst, Sample 19.0WZ923, was chosen for these experiments,
and the results are shown in Fig. 9. The experimental con-
ditions were the same as those used in the experiment rep-
resented by the data of Fig. 8, and the dotted curve in Fig. 9
corresponds to the rate versus the TOS plot of Fig. 8A. A
comparison of the dotted line and curve b in Fig. 9 shows the
excellent reproducibility of rates of n-pentane conversion
within the induction period. The reactant feed flow was in-
terrupted at 40 min TOS (arrow in Fig. 9), at which time the
color of the catalyst had changed from white to light gray;
then the reactor was purged with dry N, (50 mI(NTP)/min)

at 523 K for 45 min. The reactant flow was then restarted,
and the rate determined as a function of the TOS, with
time zero being the time when flow was restarted (curve c,
Fig. 9). The initial rate was now nonzero, increasing with
TOS and appearing to reach a flat maximum at a lower rate
than that shown by curve a for the uninterrupted operation.
The reactant flow was again interrupted after 75 min into
the second operating period. An N, purge followed, as de-
scribed above, and the reactant flow was started a third time
(curve d, Fig. 9). The initial rate now had astill higher value,
increasing only slightly with the TOS to a plateau at a lower
rate than the maxima of curves aand c; aslow decline in rate
followed. The reaction was interrupted again at 90 min into
the third period, and the catalyst was regenerated in flow-
ing air (30 mI(NTP)/min) at 673 K for 1 h and then purged
with dry N; (30 mI(NTP)/min) at 523 K for 30 min. The
rate of n-pentane conversion was then measured again as a
function of the TOS, with the data represented by curve e
in Fig. 9. This curve qualitatively reflects the behavior of
the fresh catalyst, but the original activity was not regained
after the regeneration.

The results of these experiments are consistent with the
suggestion that some hydrocarbon deposits formed during
the course of the reaction; these might be responsible for
both the induction period and the deactivation. An attempt
was made to elucidate the nature of these deposits by in-situ
Raman spectroscopy within the time frame of the induction
period.

Laser Raman Spectroscopy

The Raman spectra shown in Fig. 10 were recorded at
523 K with the most active catalyst, Sample 19.0WZ923, in
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FIG.9. Dependence of rate of n-pentane conversion on time on
stream in a flow reactor at 523 K: (a) same as Fig. 8; (b) fresh sample;
(c) after interruption of (b) at 40 min and purging with N, at 523 K for 45
min; (d) after interruption of (c) at 75 min and purging with Nz at 523 K for
45 min; (e) after regeneration in flowing air at 673 K for 1 h and purging
with N3 at 523 K for 30 min.
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FIG. 10. In-situ Raman spectra of Sample 19.0WZ923 at 523 K in
flowing He (a) after pretreatment at 673 K for 1 h in flowing O, and
subsequent cooling to 523 K in flowing He for 30 min and (b) after 15 min
reaction of n-pentane (0.01 bar in N;) and subsequent purging with dry
He for 5 min. Spectra are baseline corrected.

flowing He. The experimental conditions were comparable
to those used in the catalytic experiments represented by
the data of Fig. 9. The catalyst was pretreated in a quartz
flow reactor at 673 K for 1 hin flowing O,. After subsequent
cooling to 523 K (the reaction temperature) in flowing He
for 30 min, a spectrum of the pretreated sample prior to re-
action was recorded. Figure 10a shows the bands of tetrag-
onal ZrO, (bands at 148, 280 (sh), 311, 452, and 645 cm™1)
and the typical feature of the WOy overlayer in the high-
frequency region between ca 824 and 1021 cm™! (9). The
broad band near 1400 cm~! is an artifact.

The catalytic reaction was started with a flow of n-
pentane (0.01 bar in Ny) of 20 mI(NTP)/min. After 15 min
on stream, the reactant feed was interrupted and the reac-
tor purged with dry He (30 mI(NPT)/min) for 5 min before
the Raman spectrum of Fig. 10b was recorded. The data
indicate no significant change in the high-frequency region
between ca 824 and 1021 cm~! characterizing the WO, over-
layer; the bands of the ZrO, support were still observed.
However, new bands at ca 1595 and 450 cm~! and weak
bands near 3000 cm~* (the latter not shown) were detected
(Fig. 10b). These results support the suggestion of the for-
mation of hydrocarbon deposits within the induction pe-
riod, which are hypothesized to play a role in the genesis of
the catalytic sites. Raman spectra were also recorded after
30, 45, and 105 min on stream. The intensities of the bands
at 445 and near 1595 cm~tincreased and after 105 min anew

shoulder near 1206 cm~* could be observed. Although cata-
lytic activity is highest after 105 min on stream (Fig. 9), the
formation of coke has most probably started at this point.

DISCUSSION

Structural Considerations

The formation of tungsten oxide clusters on ZrO, has
been suggested (6,9), with the spectroscopic evidence show-
ing that the cluster dimensions grow with increasing WO3
loading. These clusters are presumably anchored to the
ZrO, surface via Zr-O-W linkages, and WO3; microcrys-
tallites presumably become detectable only at loadings be-
yond the saturation coverage (9). Estimated saturation cov-
erages are ca 20 wt% WOj; for the series of samples calcined
at 923 K (BET surface area, Sger = 96 m2/g) and ca 10 wt%
WO; for those calcined at 1098 K (Sget = 46 m?/g). A ten-
tative structural model is based on the assumption of the
formation of Zr-heteropolytungstate-type species contain-
ing charge-compensating protons (9). These protons might
be delocalized within the tungstate species and might be
located in hydrogen-bonded units by sharing several oxo
groups, as has been shown (18,19) for molecular tungsten
polyoxo anions. We have proposed (9) that such structural
units would explain the very broad, almost continuous ab-
sorption in the O-H stretching absorption region of de-
hydrated Sample 19.0\WZ923, which ranges from around
3650 cm ™~ to less than 3000 cm~ even prior to adsorption
of any probe molecules. These same broad absorptions have
now been observed for the present series of samples over
the entire loading range (Figs. 1A-C). The absorbance ap-
pears to be greater and to maintain higher values at low
frequencies for samples with higher loadings. Relatively
broad bands are evident at the high-frequency edge of
the continuous absorption, near 3670 cm~! for the sam-
ple with a low loading (3.6WZ923) and between 3620 and
3630 cm™* for the samples with higher loadings (8.6WZ923
and 19.0wWZ923). Analogous features were also observed
for the samples calcined at 1098 K (Figs. 2A and B).

Furthermore, sharper O-H stretching bands were de-
tected between 3760 and 3780 cm~! at low WO3 loadings
(Figs. 1A and B and 2A). These bands are almost certainly
caused by residual Zr-OH groups. Pure zirconia shows
bands for terminal and bridging OH groups at 3780 and
3680 cm~!, respectively (20a,20b). The positions of the
residual bands in the spectra of the tungstated samples,
which vary slightly with WO3 loading, are presumably af-
fected by indirect interactions with surface WO, species.

The intensities of these bands were found to decrease
with increasing WOj3; loading and to disappear near satu-
ration coverage (Figs. LA-C and 2A, B). For example, no
bands of isolated Zr-OH groups were detected for Sample
19.0WZ923 (Fig. 1C), the loading of which corresponds to
the estimated saturation value. It appears that during the
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nucleation and growth of ZrO, in the presence of tungstates
starting from hydrous zirconia, the surface crystallite planes
are preferentially terminated by formation of Zr-O-W link-
ages rather than OH groups. This interpretation is consis-
tent with the proposed monolayer formation via anchored
polytungstate-like species.

These conclusions are further supported by the infra-
red spectra of CO adsorbed on coordinatively unsatu-
rated cation sites. The carbonyl bands appearing between
2170 and 2190 cm™! at loadings below saturation cover-
age (Fig. 3A and 4A) can be attributed to Zr** < CO
complexes (21). There is no evidence for the formation of
W8+ « CO complexes, the carbonyl stretching frequencies
of which are known to be located at 2200 cm~! (22). As the
WO3 loading increased in the series of samples calcined at
923 K, the intensity of the carbonyl bands of Zr** < CO
complexes continuously decreased, with the bands disap-
pearing near saturation coverage (Fig. 3B). Hence we con-
clude that coordinatively unsaturated Zr** sites are no
longer accessible when saturation coverage is reached and
a monolayer of polyoxo species has formed.

The situation seems to be somewhat more complex for
the samples calcined at 1098 K, as a band at 2191 cm™!
was still detectable even when the WO3; loading was high-
est (although at relatively low intensity relative to that
of the band at 2170 cm™?, indicative of hydrogen-bonded
CO, Fig. 4B). This result may be explained by some struc-
tural and morphological changes occurring during the high-
temperature calcination, during which considerable sinter-
ing takes place, as indicated by the surface area decrease
(Table 1); thus, the saturation loading of the ZrO; support
was exceeded and WO3; microcrystallites formed (9).

The high-frequency shift of the carbonyl band of coor-
dinated CO observed as the loading increased suggests
that the coordinatively unsaturated Zr** centers interact
with nearby polytungstate species via inductive effects.
Conversely, coordination of CO on Zr** affects the vibra-
tional characteristics of neighboring polytungstate species,
namely the W=0 stretching mode, as shown in Figs. 5A-
C and 6A and B. It is clear from the spectra that this ef-
fect was observed only at coverages below saturation, when
Zr* « CO complexes are formed. Hence, these results are
also consistent with those stated above and support the
monolayer model for the tungstated zirconia catalysts.

Acidic Properties of WZ Catalysts

An implication of the results discussed in the previous
section is that the coordination of CO to Zr** at WOj3 load-
ings below saturation indicates the presence of Lewis acid
centers. The acid strength of these centers is enhanced by
the presence of surface polytungstate species, as indicated
by the blue shift of the carbonyl stretching band with in-
creasing loading. Simultaneously, the density of these sites
is reduced by the increasing coverage of the ZrO, surface.

The detection of enhanced Lewis acidity is consistent with
literature reports (7,10).

The presence of Brgnsted acidity is also clearly demon-
strated by the low-temperature CO adsorption experiments
(Figs. 1A—C and 2A and B). Typically, adsorption of CO
erodes the bands or shoulders occurring at 3670 and around
3620-3630 cm™?, and new broad bands grow in lower fre-
guencies. The red shift of these bands, the increased inte-
gral intensity, and the large width is unequivocal evidence
of the formation of hydrogen bonds between OH groups
and the weak base CO (23). Simultaneously, bands grow in
the carbonyl stretching region (Figs. 3A and B and 4A and
B) between 2157 and 2170 cm %, which are characteristic of
hydrogen-bonded CO (12).

The red shift of the O-H stretching mode with respect to
the high-frequency component of the broad background ab-
sorption is clearly dependent on the WO3 loading and—for
a given loading—on the calcination temperature, as shown
by the summary of data in Table 2. The carbonyl stretching
frequency also depends on WOj3 loading and consistently
shifts to higher values as the O-H stretching frequency
shift (Avop) increases; this result is indicative of increasing
hydrogen-bond donor strength and, hence, Brgnsted acid
strength. As the CO pressure increased, Avoy values de-
creased slightly, and the corresponding C-O stretch shifted
to a lower frequency. This result suggests that CO interacts
with weaker sites as the coverage increases, consistent with
a distribution of strengths of acidic sites.

The Avopy values of WZ materials range from between
approximately 90 to 170 cm~! and are thus significantly
larger than the shift of 60 cm~! observed for pure ZrO,
(Table 2). The presence of polytungstate species there-
fore undoubtedly induces enhanced Brgnsted acidity. The

TABLE 2

pon Prior to and after Adsorption of CO at ca 80 K and Aoy

onlem™] Ponlem™] AVon

Sample without CO with 40 mbar CO [em™
71098 3782 ~3682 3777 ~3621 ~60
3.6WZ1098 3772 ~3625 ~3502 ~125
5.9WZ1098 3772 ~3625 ~3464 ~160
8.6WZ1098 ~3625 ~3464 ~160
10.5WZ1098 ~3640 ~3472 ~170
13.6WZ1098 ~3625 ~3456 ~170
19.0WZ1098 ~3650 ~3480 ~170
23.9WZ1098 ~3628 ~3460 ~170
3.6Wz923 3777 ~3673 3773 ~3583 ~90
5.9WZ923 3775 ~3625 3768 ~3526 ~100
8.6WZ923 3768 ~3625 ~3510 ~115
10.5WZ923 3768 ~3625 ~3500 ~125
13.6WZ923 ~3634 ~3510 ~125
19.0WZ923 ~3629 ~3469 ~160
23.9WZ923 ~3627 ~3465 ~160
19.0WZ773 3765 ~3658 3765 ~3522 ~135
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highest Avoy values, however, are still significantly lower
than those reported for HZSM-5 (24,25). Consistent with
earlier results (9), these data show that tungstated zirconia
catalysts can be classified as moderately strong solid acids;
the data give no evidence of extremely strong acidic sites.

It is not clear what role the delocalized protons in the
polyoxo anions play, if any. They may contribute to the
hydrogen-bonding interaction with CO (and become lo-
calized), or they may remain inaccessible to CO.

Clearly, the Avon values in Table 2, which are a measure
of the Brgnsted acid strength, increased as the WOs;
loading increased and approaching a maximum value of ca
170 cm~* for the samples calcined at 1098 K and a value
of ca 160 cm~! for the samples calcined at 923 K as the
saturation coverage was reached. The formation of WO;
microcrystallites inferred to occur at loadings beyond
saturation apparently does not influence the Brgnsted
acid strength. The evolution of the Avoy values with
loading parallels the growth of oxide domains (6,9) and
therefore suggests that large domains are required to
create the higher acid strength. We infer that this trend
is consistent with the presence of heteropolytungstate
species containing charge-compensating protons.

Catalytic Properties of WZ

As shown in Fig. 8, the rates at the end of the induction
period measured as a function of the TOS increased from
very low values at low WOj3 loadings to a maximum at
19.0 wt% WO3; for the catalysts calcined at 923 K; the
rate decreased at higher loadings. The maximum rate was
reached at 10 wt% WQj; for the catalysts calcined at 1098 K
and declined only gradually at higher loadings. In both
series of samples, the maximum rates were attained near
the corresponding saturation loadings. The observed trends
closely resemble those observed for the Brgnsted acid
strength as measured by the CO-induced O-H stretching
frequency shifts (Table 2). We caution, however, that this
correlation should not be overinterpreted: First, the argu-
ment only takes the acid strength into account and neglects
any variation in site densities. Second, the rates were not
recorded under steady-state conditions but were somewhat
arbitrarily chosen as the maximum rates observed as a func-
tion of TOS. Butitis tempting to suggest that the correlation
issignificant, in part because Santiesteban etal. (7) reported
a similar dependence of n-pentane isomerization rate on
WO; loading for catalysts prepared by coprecipitation.
Santiesteban’s rates were measured under nearly steady-
state conditions, as the reaction was carried out in the pres-
ence of H, at elevated pressure, which stabilizes the catalyst.

We suggest that the activities of these materials are not
controlled simply by the measured Brgnsted acid strengths.
Evidence consistent with this suggestion includes the fol-
lowing: The decline in activity at WO3; loadings beyond sat-
uration is not accompanied by a decrease in acid strength

(Table 2). The formation of microcrystalline WO3 may lead
to surface blocking. Furthermore, phosphated zirconia gave
approximately the same CO-induced O-H stretching fre-
quency shifts (26) as the most active tungstated zirconia,
but they were inactive for n-pentane isomerization, even at
673 K (27). The suggestion of Santiesteban et al. (7) that
only a minority of strong acid sites would be responsible
for the catalytic conversion of n-pentane is not completely
excluded. Such a suggestion has been made for sulfated
zirconia catalysts, and there is evidence that a minority of
sites on this catalyst could even be strong enough to initiate
reaction by protonating alkanes (28). In the present case,
however, the initial activity of fresh catalysts is zero at zero
time-on-stream. This result appears to be inconsistent with
the assumption of a small fraction of very strong acid sites
which would lead to a finite activity at zero time-on-stream.

In this context we have attempted to estimate the num-
ber of acid sites from the intensities of carbonyl stretch-
ing bands. Unfortunately the extinction coefficients of
H-bonded CO moleculesare not known very accurately and
they are, moreover, dependent on the carbonyl stretching
frequency (29). For this reason, estimates of site densities
are not accurate enough to make any reliable comparisons
of Brgnsted acid site densities for different catalysts.

Most interesting in this context is the occurrence of an
induction period. Numerous investigators observed simi-
lar behavior for the n-butane isomerization (e.g., 13,16)
and n-pentane isomerization (30) on sulfated zirconias, and
Alvarez et al. (13) argued that the formation of carbona-
ceous deposits has a direct relationship with the low-
temperature activity. The experiments with interrupted re-
action (Fig. 9) are similarly suggestive of the influence of
deposits on the catalytic performance. The results also in-
dicate that the processes occurring during the induction pe-
riod and the formation of deposits, which ultimately leads
to deactivation, are not independent of each other.

n-butane isomerization on sulfated zirconia involves a
bimolecular mechanism, as shown by the use of doubly
13C-labelled n-butane as a reactant by Adeeva et al. (31).
This mechanism, which avoids the formation of primary
carbenium ions, was first proposed by Guisnet (32) for the
n-butane isomerization catalyzed by H-mordenite. Sim-
ilarly, a bimolecular mechanism, has been inferred for
n-pentane isomerization catalyzed by promoted sulfated
zirconia (30). It has been speculated (14) that the CJ car-
bocations initially formed from n-butane may undergo side
reactions to form polyenylic and cyclopentadienyl cations,
which can be considered to be precursors of aromatic coke
(33). The presence of polyenylic and aromatic compounds
has been demonstrated on deactivated sulfated zirconia by
in-situ Raman and UV-Vis spectroscopy (14,34). Although
the Raman spectra recorded during the induction period
of n-pentane conversion on Sample 19.0WZ923 (Fig. 10)
cannot be fully interpreted yet, the band that appears
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between 1580 and 1600 cm~* can undoubtedly be attributed
to alkenic and/or aromatic species (14,34,35). Taking this
and the previously cited results for sulfated zirconias into
account, we speculate that formation of perhaps dimeric
carbocations may be initiated by some minority sites on the
fresh catalyst surface. These carbocations may then start
chain reactions and create catalytic sites that involve the
carbonaceous deposits. These and the initially formed car-
bocations may, however, also undergo side reactions that
ultimately lead to coke formation and catalyst deactiva-
tion. These suggestions account, at least qualitatively, for
the dependence of n-pentane conversion on TOS.

CONCLUSIONS

Tungstated zirconia catalysts develop enhanced Lewis
and Brgnsted acidity as the WO3; loading is increased. The
densities of cus Zr** Lewis sites decrease significantly as the
loading approaches saturation and the density of original
ZrOH groups declines. These changes are consistent with
formation of a monolayer consisting presumably of poly-
oxo compounds of tungsten. The Brgnsted acid strength
increases with increasing WOj3; loading up to saturation,
suggesting that formation of large oxide clusters results
in the creation of Brgnsted acidity. A tentative struc-
ture is proposed which involves surface analogues of Zr-
heteropolytungstates anchored to the surface via Zr-O-W
linkages. These surface species are also supposed to incor-
porate protons as charge-compensating cations.

The catalytic activity for n-pentane isomerization seems
to parallel the Brgnsted acid strength measured by the IR
spectra of adsorbed CO. However, doubts remain as to
whether the detected Brgnsted acidity is responsible for
the catalytic activity, since the reaction rate at zero time-
on-stream is essentially zero. An induction period was ob-
served during the catalysis followed by deactivation. It is
suggested that carbonaceous deposits are initially formed—
perhaps carbocations—which may be converted into cata-
Iytic sites. The carbonaceous deposits may undergo reac-
tions leading ultimately to coke formation and catalyst de-
activation.
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