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In the present study high surface area monoclinic and tetragonal
sulfated zirconia samples both active in n-butane isomerization were
prepared from the same hydroxide precursor in a novel one-step
hydrothermal process. The process is studied via analysis of inter-
mediate stages of the product formation. The monoclinic samples
show a catalytic activity in n-butane isomerization lower by about a
factor of 4 compared to the tetragonal samples, although the acidity
as analyzed by CO adsorption was found to be similar. This suggests,
that it is not only the acidity of sulfated zirconia that determines the
catalytic performance. The results support the bimolecular mecha-
nism, for which a favorable arrangement of surface groups is neces-
sary. The surface structure of tetragonal zirconia seems to be better
suited than that of the monoclinic zirconia, although the presented
monoclinic zirconia performs substantially better than claimed in
many publications, where the monoclinic phase is typically assumed
to be inactive. (© 2001 Academic Press
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INTRODUCTION

Catalytic properties of sulfated zirconia were first de-
scribed by Holm and Bailey in 1962 (1). However, there was
no specific interest in this material until 1979 when Arata
et al. reported the activity of sulfated zirconia for n-butane
isomerization at room temperature (2). Since that time
the properties of sulfated zirconia and its potential use in
acid-catalyzed reactions, especially in n-butane isomeriza-
tion, have been investigated and discussed extensively.

Despite numerous investigations, current research on
sulfated zirconia is still focused on basic aspects, e.g., the
nature of its active sites (3-6) and the reaction mechanism
(7-11). The acid site strength of sulfated zirconia is also one
of the aspects discussed. In earlier publications sulfated
zirconia was considered a solid superacid (2, 12), which
was thought to be the reason for its activity in n-butane
isomerization. However, this was based on the assumption
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of a monomolecular reaction mechanism that requires very
strong acid sites. Recent publications revealed that the

isomerization of n-butane with sulfated zirconia proceeds
via a bimolecular mechanism, possibly involving Cg ions.
This mechanism does not necessarily require a superacid
catalyst (7, 8). These results are also in agreement with
the experimental observation and computations that the
acid sites of sulfated zironia are weaker than acid sites of
HZSM-5 (4, 13-15). This led to the conclusion that the
activity of sulfated zirconia may be due to its ability to
stabilize a transition state complex of the organic reactants
on the surface (4).

The occurrence of such a transition state complex im-
plies the existence of a certain optimized geometrical ar-
rangement on the surface of highly active sulfated zirconia.
This is one reason why even in recent publications a good
catalytic activity is considered to be connected to tetragonal
zirconia (16-19). Also the activity of an X-ray amorphous
sulfated zirconia was attributed to very small tetragonal
domains (20). With respect to the monoclinic phase, for
a long time it was not possible to prepare a catalytically
active monoclinic material, because sulfate on the surface
of zirconia stabilizes the crystallite size of zirconia upon
calcination and therefore its tetragonal crystal phase (21)
up to temperatures at which the sulfate already leaves the
surface. Therefore, in the first attempts to prepare active
monoclinic sulfated zirconia, a crystalline precursor, first
calcined at higher temperatures to induce the tetragonal—
monoclinic phase transition, was impregnated with sulfuric
acid. However, the resulting materials did not exhibit high
activity (22-24). A moderate activity of precalcined mon-
oclinic zirconia was achieved by applying very drastic sul-
fation conditions (25). Recently, Morterra et al. prepared
a mainly monoclinic material with an activity similar to
that of their corresponding purely tetragonal sulfated zirco-
nias by varying the sulfur content of their samples (26, 27).
However, this material prepared by an aerogel procedure
still exhibited a tetragonal phase content of 30%, which
made it difficult to attribute the activity to the monoclinc
phase alone. We recently reported a two-step method for
the preparation of purely monoclinic sulfated zirconia with
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an activity in n-butane isomerization in the same order of
magnitude as the corresponding tetragonal materials (28).

However, the existence of a catalytically active mono-
clinic sulfated zirconia does not necessarily contradict the
theory of the transition state complex. It has been reported,
based on infrared (IR) spectroscopy and CO adsorption,
that sulfation of zirconia leads to a major change in its sur-
face properties, especially with respect to the binding char-
acter of the present hydroxyl groups (24, 29), irrespective
of the phase of zirconia. An alteration of the surface ge-
ometry caused by sulfation of monoclinic zirconia in the
same or at least similar manner as for tetragonal zirconia
therefore seems to be possible. A different bulk phase does
not inevitably result in totally different surface properties,
as surface reconstruction might occur, especially under the
influence of an adsorbate such as sulfate. Such surface prop-
erties of zirconia can be assessed with IR spectroscopy cou-
pled with CO adsorption at low temperatures, which has
been widely accepted as a valuable tool for such analyses
(13, 24, 29, 30-34).

Many preparation methods for sulfated zirconia have
been reported in the literature. Most of them concern the
classical two-step method (2, 12), which consists of the syn-
thesis of an amorphous zirconium hydroxide precursor and
its impregnation with sulfuric acid or ammonium sulfate.
An alternative is the one-step sol-gel synthesis, to which
many of the recent publications are devoted (26, 27, 35, 36).

In this paper we address the following points:

(i) We report a new one-step crystallization method
that leads to catalytically active monoclinic sulfated zirco-
nia.

(i) We investigate the effect of hydrothermal aging of
a zirconium oxide precursor by physicochemical character-
ization of the intermediate products of this aging process
and measuring the catalytic activities of the resulting oxides.

(iii) We analyze the surface properties of the resulting
active monoclinic sulfated zirconia by means of IR spec-
troscopy and CO adsorption at 77 K in order to elucidate
the connection between the crystalline phase and the activ-
ity in n-butane isomerization of sulfated zirconia.

EXPERIMENTAL

Synthesis

The sulfated zirconia samples were prepared in the fol-
lowing way: 20 g of ZrOCl, x 8H,0 (ABCR, 95%) was dis-
solved in 200 ml of deionized water and stirred for 5 min.
An agueous solution of NH,OH (Roth, >25%) was added
to reach a pH of 1.2. After stirring for 7 min 30 s, 2.64 g of
(NH4)2SO, (Fluka, 99%) was added. The stirring was con-
tinued for another 2 h. Subsequently, the resulting mixture
was divided in five parts. Because it was difficult to filter off
the precipitate, the excess solution of the first part was de-
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canted and the remaining solid was dried at 363 K for 24 h.
Obviously, some ammonium sulfate will remain in the solid
by applying this method. The other four solutions were
aged for 2, 4, 6, and 20 h, respectively, in an autoclave at
423 K. These solutions were also decanted and the resulting
solids were dried at 363 K for 24 h. Finally, all resulting sul-
fated hydrous zirconias were calcined for 5 h at 823 K, with
a heating rate of 1 K/min. These or similar procedures were
repeated several times with similar results. However, here
we report only one set of data measured for samples from
the very same master batch. The non-aged calcined sample
is referred to as SZ-1 in the following; the other samples,
SZ-2 to SZ-5, correspond to the increasing aging times.

Sample Characterization

The X-ray diffraction (XRD) patterns were recorded us-
ing a Stoe STADI P diffractometer equipped with a Ger-
manium monochromator in transmission geometry. The
diffractograms were measured within the range of 27° to
34.5° (20) using CuKq radiation. The crystallite sizes were
calculated by means of a procedure contained in the Stoe
Visual X"OW software package, the single line size/strain
Fourier analysis. Due to the fact that only one X-ray re-
flection with relatively low intensity could be analyzed, the
error of this method is rather high and lies in the range
of +30%. But even if the absolute size cannot be mea-
sured correctly, these values can be used for a comparison
between the samples.

The nitrogen adsorption—-desorption isotherms were
measured at 77 K with a Micromeritics ASAP 2010 system.
Prior to the measurements the samples were outgassed
for 4 h at 413 K. The specific surface areas of all samples
were calculated according to the BET method (37). The
thermogravimetric (TG) measurements were carried out
using a Setaram TG-DTA 92-16. The samples were heated
continuously with a rate of 10 K/min from 288 to 1273 K in
a static air atmosphere.

The IR spectrawere recorded witha Bruker IFS-88 FTIR
spectrometer equipped with a liquid nitrogen cooled MCT
detector. The spectral resolution was 2 cm~%. An in situ
transmission cell (38) was used for low temperature IR
spectrometric studies. The samples were prepared as thin
self-supporting wafers (15-20 mg/cm?), which were first ac-
tivated at 673 K for 1 h in an oxygen flow. Subsequently, the
sample was evacuated for 1 h at 673 K. The spectra were
recorded at 77 K after exposure to increasing equilibrium
pressures of CO (0.1-5 hPa).

Catalytic Testing

The catalytic properties of the samples (as powder on
quartz wool) were studied for n-butane isomerization in
a fixed-bed flow reactor (inner diameter=8 mm) with
external heating at 573 K. The zirconia (0.5 g) was exposed
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to a 50:50 vol% mixture of n-butane and nitrogen with a
constant feed of 10 ml/min. The reaction products were an-
alyzed with a Carlo Erba GC6000 equipped with a DB-5
column and a flame ionization detector. Prior to the mea-
surement the samples were activated at 723 K for 2 h under
a constant nitrogen flow of 20 ml/min. No further change
of the phase composition was observed during such a treat-
ment for either of the samples.

RESULTS

Figure la shows the XRDs of the calcined samples.
The diffractogram of SZ-1 contains almost exclusively the
tetragonal phase. This is an expected result, since the prepa-
ration procedure of this sample is quite similar to the well-
known and well-reported classical method. The XRDs of
the samples with the aged precursors show clearly how the
phase composition of calcined zirconia changes after aging
of the precursor: The content of the monoclinic phase in-
creases until, after 20 h of aging, the resulting sulfated zirco-
nia sample is purely monoclinic. Figure 1b shows a diffrac-
togram of SZ-5 in the range between 5° (20) to 80° (20).
The diffractogram shows a purely monoclinic phase, and a
very small crystallite size can be calculated. The diffraction
patterns of samples were also measured before calcination
(Fig. 1c). The precursors of SZ-1, SZ-2, and SZ-3 are to-
tally X-ray amorphous—the strong reflection at about 32.5°
(208) belongs to crystalline ammonium sulfate, the precur-
sor of SZ-4 exhibits a very small fraction of the monoclinic
phase, and the XRD of the precursor of SZ-5 is similar to
the XRD of the corresponding calcined sample. This clearly
indicates a crystallization process from amorphous to mon-
oclinic hydrous zirconia during the hydrothermal aging. The
amorphous precipitate crystallizes upon calcination and re-
sults in the tetragonal phase whereas the crystallized mon-
oclinic hydrous zirconia results in monoclinic zirconia. This
is in accordance with the thermodynamic data as the mono-
clinic phase is the thermodynamically more stable phase for
bulk zirconia between room temperature and about 1500 K.
From line broadening analysis of the X-ray reflections the
crystallite size was calculated to be approximately 12 nm for
the tetragonal sample SZ-1, while a value of only ca. 5 nm
was obtained for the monoclinic sample SZ-5 (Table 1).

TABLE 1

Crystallite Size and Particle Size Calculated from
XRD and BET Surface Area, Respectively, of the
Tetragonal and the Monoclinic Samples

Crystallite size Particle size
Sample (nm) (nm)
SZ-1 12 (tet) 12
SZ-5 5 (mon) 7
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FIG.1. (a)Diffractogramsofthesamplescalcined for5hat823 Kwith
a heating rate of 1 K/min. (b) Diffractogram of SZ-5 measured over night
in the 2© range beween 5° and 80°. (c) Diffractograms of the noncalcined
samples.
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FIG. 2. BET surface areas of the calcined samples.

Figure 2 shows the BET surface areas calculated from the
nitrogen adsorption—desorption isotherms of the calcined
samples. Of particular interest are the BET surface areas of
SZ-1 (80 m?/g) and SZ-5 (150 m?%g). Assuming a spherical
shape of the particles, it is possible to calculate the particle
sizes of the samples. Table 1 shows that the calculated values
are in very good agreement with the crystallite sizes of the
samples determined from XRD line broadening, suggesting
that a large fraction of SZ-5 is indeed present as such small
monoclinic crystallites.

Figure 3 shows the TG curves of the calcined samples;
Table 2 shows the corresponding weight losses of the sam-
ples occurring in two pronounced steps between room tem-
perature and 473 K and between 873 and 1023 K, re-
spectively. The first weight loss is assigned to the loss of
physisorbed water, the second one to the loss of sulfate
groups. The additional weight loss notable as a slope of
the TG curves and occurring basically over the entire tem-
perature range can be attributed to water resulting from
dehydroxylation of the hydrous zirconia. The attribution
of the second weight loss between 873 and 1023 K to sul-
fur was confirmed by additional TG/mass spectroscopy ex-
periments, where the masses corresponding to SO, and its

mass loss [%]

1 L 1
400 600 800
temperature [K]

FIG. 3. Thermal weight loss of the calcined samples in the tempera-
ture range between 293 and 1273 K.
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TABLE 2

Thermal Weight Loss of the Calcined Samples in
the Water and Sulfate Regime, Respectively

Weight loss (%)

Sample 293-473 K 873-1023 K
SZ-1 2.6 2.4
SZ-2 2.6 2.4
SZ-3 2.4 8
SZ-4 3.9 6.7
SZ-5 5.1 4.8

fragmentation products were for all five samples the only
changes detected in the mass spectroscopy concurrent with
the TG mass losses. These losses can thus be used to es-
timate the sulfate content of the samples. Normalized to
the surface area, the sulfate contents of purely tetragonal
sample SZ-1, the predominantly tetragonal SZ-2, and the
purely monoclinic sample SZ-5 seem to be quite similar
(approximately 3 umol SOi‘/mz). The same holds for the
water content of these two samples. In contrast, SZ-4 and
especially SZ-3 exhibit much lower surface areas and higher
sulfate contents, suggesting that sulfate is located also in the
bulk of these recrystallization intermediates.

Figure 4a shows the rate of n-butane conversion vs time-
on-stream of the samples normalized to the mass of the
catalyst. The initial specific rates for SZ-1, SZ-2, and SZ-5
are very similar and somewhat higher than those for SZ-3
and SZ-4. All samples deactivate during the first 5 h before
they reach an almost stationary activity. The steepest activ-
ity decay within the first hour on stream is seen for SZ-5.
The stationary activities are almost identical for SZ-3,SZ-4,
and SZ-5 and about one third of those observed for samples
SZ-1and SZ-2.

This difference becomes even more pronounced when
the activity is not normalized to mass but to surface area:
Fig. 4b shows the corresponding catalytic data of the sam-
ples. Here, the materials fall into three different groups: in
the regime of stationary activities SZ-1 and SZ-2 exhibit the
highest specific rate, followed by SZ-3 and SZ-4 at an inter-
mediate specific rate while SZ-5 shows the lowest activity.
SZ-1 exhibits an initial rate two times higher and after 10 h
a rate five times higher than that of SZ-5. After 10 h SZ-1
retains about 25% of its intitial rate, SZ-5 only about 11%.
The monoclinic sample therefore shows a lower specific
rate and a faster deactivation than the tetragonal sample.
Selectivities are well above 95% in all cases.

Inan attemptto correlate these differences with the acidi-
ties of the samples, the monoclinic sample was analyzed us-
ing CO adsorption followed by IR spectroscopy. Figure 5
shows the hydroxyl stretching region (3300-3800 cm™?) of
the monaoclinic sulfated zirconia sample. CO was adsorbed
at ca. 85 K by a stepwise increase of the CO pressure from
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FIG. 4. (a) Specific rate in n-butane isomerization of the samples nor-
malized to the mass. (b) Specific rate in n-butane isomerization of the
samples normalized to the surface area.

0.5 to 5 hPa (spectra b—k). Spectrum a shows the hydroxyl
stretching region of the sample prior to CO adsorption. A
band at 3640 cm~! and another weak von band at about
3580 cm~! can be seen. In addition, a broad unstructured
absorption band is visible over the entire OH-stretching fre-
quency range. Increasing CO pressure leads to adecrease in
the intensity of the band at 3640 cm~! and the simultaneous
formation of a new band at 3480 cm~1, which corresponds
to a Avop of about —160 cm~1. The band at 3580 cm~? is
not affected by CO adsorption. At higher CO pressures a
new band at 3705 cm~ forms.

Figure 6 shows the carbonyl stretching region (2100-
2250 cm~1) of the IR spectra of the monoclinic sample, plot-
ted analogously to Fig. 5. At low CO pressures, first a band
at 2202 cm~! appears. A second band at 2198 cm~* develops
with increasing pressure. At a pressure of 0.3 hPa CO an
additional band at 2170 cm~! appears, which is also shifted
to lower wavenumbers with increasing pressure.

The region of the spectra with characteristic S=O bands
(1200-1500 cm 1) is plotted in Fig. 7. Without adsorbed CO
a band at 1394 cm~! with a shoulder at 1402 cm™! appears.
At low CO pressures these bands shift to 1380 cm~* and
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FIG. 5. IR spectraofthe monoclinic sample in the hydroxyl stretching

region (a) without any adsorbed CO and with (b) 0.1 hPa, (c) 0.2 hPa, (d)
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(k) 5.0 hPa CO adsorbed.
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FIG. 7. IR spectra of the monoclinic sample in the sulfate region (a)
without any adsorbed CO and with (b) 0.1 hPa, (c) 0.2 hPa, (d) 0.3 hPa,
(e) 0.4 hPa, (f) 0.5 hPa, (g) 1.0 hPa, (h) 1.5 hPa, (i) 2.0 hPa, and (k) 5.0 hPa
CO adsorbed.

at higher pressures to 1371 cm~. The band at 1380 cm~ is
still present as a shoulder at higher pressures.

DISCUSSION

Before the results are discussed in detail, it seems im-
portant to compare the resulting material and the synthesis
procedure with the existing literature. In 1964, Clearfield
first described the formation of crystalline (monoclinic) hy-
drous zirconia by refluxing a ZrOCI, x 8H,0 solution (39).
Later on, he extended this method by varying the pH of the
refluxed solution and reported the formation of also tetrag-
onal hydrous zirconia (40). Many publications concerning
these materials have appeared, especially with respect to ce-
ramic applications (41, 42). It has also been described that
it is possible to shorten the crystallization time by applying
higher temperatures and carrying out the process in an au-
toclave (43, 44). What is referred to here as “aging at 423 K”
is similar to this recrystallization process. The main differ-
ence in the procedure applied in this study is the presence
of sulfate during the crystallization process to lead directly
to sulfated hydrous zirconia. Recently, a series of papers
appeared concerning a “digestion” of amorphous hydrous
zirconiasamples (45-48). This “digestion” is also equivalent
to the “aging” process applied in this study and the recrys-
tallization process described first by Clearfield in the 60s.
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However, the results in the present paper indicate a crys-
tallization of hydrous zirconia under hydrothermal condi-
tions in the presence of sulfate groups, which leads after a
calcination step to a sulfated zirconia catalyst that is active
in n-butane isomerization. Since the sulfate groups stabi-
lize the particle size upon calcination and no substantial
growth will occur during thermal treatment, the crystallite
sizes reflect the situation after aging. The particle sizes thus
suggest that during crystallization of the amorphous zirco-
nium hydroxide after a short period of particle growth small
crystallites of zirconia form that soon cease to grow. Calci-
nation of the sulfated hydroxides/hydrous zirconias results
in the formation of sulfated zirconias with a continuous
spectrum of phase compositions, depending on the aging
time.

Of special interest are the purely tetragonal and the
purely monoclinic samples, SZ-1 and SZ-5, respectively.
These samples differ in specific surface area, physisorbed
water content, and sulfate content by a factor of about 2.
Assuming that all sulfate and physisorbed water is located
on the surface (a rough calculation shows that the surface
can accommodate such amounts of adsorbed species), an
approximately similar concentration of these species on the
surfaces of the two samples can be inferred.

This information is helpful to judge the catalytic perfor-
mance of the samples. The monoclinic sample should con-
sequently exhibit an activity normalized to the surface area
similar to that of the tetragonal sample, if the concentra-
tion of the sulfate groups were the only decisive factor. As
it is clearly shown, this is not the case: the monoclinic sul-
fated zirconia has the lowest catalytic initial and stationary
activity of all samples tested (see Fig. 4). However, con-
trary to what is often claimed in the literature, it is not
inactive, but has an activity at least on the same order of
magnitude as the tetragonal sample. One should note here
that more active tetragonal zirconias could be produced
by optimizing the preparation conditions. For example, a
higher pH at the precipitation step produces more active
catalysts (49, 50). However, conditions optimized for the
production of a most active tetragonal zirconia could not be
used, since monoclinic hydrous zirconia cannot be obtained
via the recrystallization process any more (6). It seemed
more important in this comparative study to keep the prepa-
ration of the samples as similar as possible. However, the
calcination temperature, which is also important (51-53),
is optimized with respect to catalytic activity both for the
tetragonal and the monoclinic sample: In a separate set of
experiments the calcination temperature that results in the
formation of the most active catalysts was determined and
found to be 823 K.

An IR study coupled with CO adsorption at 77 K was
undertaken to check whether the acidic properties of the
monoclinic sulfated zirconia sample are different from the
acidic properties of tetragonal samples.
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Hydroxyl Stretching Region

The sulfated sample without any adsorbed CO shows a
band at 3640 cm~1. This band is assigned to a bridging hy-
droxyl group in the literature (24) and is observed, with
small variations in the exact position, for all sulfated zir-
conia samples reported in the literature. Spielbauer et al.
(24) have measured a monoclinic sulfated zirconia sample,
which, however, was catalytically inactive. They also ob-
served the band at 3640 cm~1. After CO adsorption this
band shifts to a broad band at about 3480 cm~?, which
corresponds to a Avpoy value of about —160 cm~L. This
value is exactly the same as that reported for sulfated active
tetragonal and sulfated inactive monoclinic zirconia (24).
Therefore, the occurrence of this band at 3640 cm~! and
its shift to 3480 cm~! upon CO adsorption cannot be taken
as a measure for the activity of sulfated zirconia in n-butane
isomerization. The hydroxyl stretching region of unsulfated
zirconia, however, is different (24). This suggests that sul-
fate groups modify the surface of tetragonal and mono-
clinic zirconia in a similar way with respect to the hydroxyl
groups and that the presence of such groups is probably
a necessary, but not sufficient, condition for activity in n-
butane isomerization. The monoclinic sample exhibits two
additional very weak bands at 3580 and 3705 cm™. The
band at 3580 cm~! does not seem to be affected by CO up-
take. This band has already been observed before on sul-
fated zirconia (54). Since it is not present on pure zirconia
samples this band was assigned to OH-containing species,
whose presence is related to the presence of surface sulfates.
The origin of the weak band at 3705 cm~! is not known at
present.

Carbonyl Stretching Region

The carbonyl stretching region of the spectra shows two
bands, one at 2202 cm~! and one at 2198 cm~1. The band
at 2202 cm~1 is present already at low CO coverages while
the band at 2198 cm~! grows in at higher coverages. These
frequencies are typical for CO adsorbed on Zr** centers
(Lewis acid centers). The occurrence of the two bands sug-
gests the presence of two types of Lewis acid sites having
different acid site strength. At a pressure of 0.3 hPa CO
an additional band at 2170 cm~! appears that is shifted
to 2167 cm~! upon higher loadings. This band is due to
CO bonded to OH groups. Spielbauer et al. (24) observed
the same bands (CO coordinated to Zr** centers and H
bonded to OH groups) both on monoclinic inactive sul-
fated zirconia and on tetragonal active sulfated zirconia.
In addition, they observed a difference in the relative in-
tensities of the bands on these two samples: Whereas the
inactive monoclinic sample showed just a low intensity
of the bands at 2200 cm~! compared to the intensities of
the bands at 2170 cm™, the active tetragonal sample shows
almost equal intensities of these two bands. They suggested
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a relationship between the relative intensity of these two
bands and the activity of the materials in n-butane isomer-
ization. The monoclinic material investigated in this study
also shows almost equal intensities for both kinds of bands
and is thus very similar to active tetragonal zirconia, such as
the tetragonal material reported by Spielbauer et al. (24).
The results suggest that an optimal balance between Lewis
and Brgnsted acid site densities is required for the reac-
tion. The intensity ratio of the bands in the CO stretching
region can thus be used to discriminate between inactive
and active zirconias, but it is not possible to differentiate
between materials where the catalytic activities are in the
same order of magnitude.

Sulfate Region

The spectrum of the sample in the absence of CO shows a
band at 1394 cm~! with a shoulder at 1402 cm~. At low CO
pressure these bands already shift to lower wavenumbers
and they appear at 1371 and 1380 cm~2, respectively, at the
highest CO pressures investigated. These bands belong to
S=O0 groups. The shift of these bands is due to both the
adsorption of CO on Lewis acid sites and on OH groups
(24). The positions of these bands resemble the band po-
sitions reported in the literature for the S=O groups. The
shift of these bands is also in the same order of magnitude
as previously reported for tetragonal sulfated zirconia.

Therefore, it can be concluded that no major difference in
the spectra—and thus the acidity—between the monoclinic
sample investigated in this study and tetragonal samples
prepared via the classical synthesis route can be observed,
although catalytic activity differs by a factor of 2 to 5, de-
pending on time-on-stream. These results are therefore in
line with the findings of other publications concerning the
mechanism of the reaction as a bimolecular reaction. In or-
der to optimally stabilize a Cg-intermediate the appropriate
arrangement of surface groups will be needed. It is thus not
primarily the acidity of the surface—although a certain acid
site strength will be needed—nbut also the surface structure
that will influence the catalytic activity in n-butane isomer-
ization. Contrary to what is reported in many publications,
however, the surface structure of monoclinic zirconia is ob-
viously not so unfavorable as to render monaoclinic sulfated
zirconias inactive. To synthesize monoclinic sulfated zirco-
nia with a catalytic activity on the same order as tetrag-
onal sulfated zirconia, one has to find suitable pathways
for the synthesis of monoclinic zirconias with a sufficiently
high surface area to result in measurable activity and a suf-
ficiently high sulfate group concentration on the surface.
Converting just sulfated tetragonal zirconia to the mono-
clinic phase is not a suitable pathway, since this results in low
surface area monoclinic zirconia on the one hand and leads
to decomposition of the surface sulfate groups on the other
hand.
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CONCLUSIONS

The data presented clearly demonstrate that it is pos-
sible to synthesize catalytically active monoclinic sulfated
zirconia in one step by means of a hydrothermal crystal-
lization process. Therefore, the occurrence of catalytic ac-
tivity in n-butane isomerization of the samples cannot be
connected with the tetragonal phase of zirconia alone. The
hydrothermal process under the conditions applied in this
study produces a monoclinic hydrous zirconia precursor
that leads after calcination to a material with a high surface
area (150 m?/g). The acidic properties measurable by CO
adsorption and IR spectroscopy of the resulting monoclinic
sample are not discerniable from the properties of tetrag-
onal samples. A possible explanation is that the sulfation
process modifies the surface of zirconia independently of
the bulk phase and thus results in a similar structure at
the immediate sulfate site. However, the arrangement of
surface groups on a larger scale can differ nevertheless.
Therefore, a mechanism of the isomerization reaction in-
volving the stabilization of a transition state complex of
a bimolecular reaction, in which a larger fraction of the
surface would be involved, seems feasible. A connection
between the catalytic activity of sulfated zirconias and dif-
ferent surface phases (55) seems not to be supported by the
results presented here.

The data also show that IR spectroscopy coupled with
CO adsorption alone cannot be applied as a measure for the
activity of sulfated zirconia. The monoclinic sample clearly
shows catalytic properties inferior to those of the tetragonal
sample, which cannot be explained by the spectroscopic
results. It therefore seems indeed necessary to measure the
catalytic performance for each synthesized sample, since no
clear correlation between a physicochemical property and
the activity can be identified, yet.
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