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Isomerization of n-butane has been investigated at 250°C over
sulfated zirconia, and Al- and Ga-promoted zirconias calcined at
650°C and activated at 450°C. The promoter (3 mol% as Al,O3
and Ga,03) was introduced by both impregnation and coprecipi-
tation, in order to examine the influence of the preparation method
and the nature of the promoter on the catalytic properties. The cat-
alysts were characterized by X-ray diffraction, Raman, and pho-
toelectron spectroscopy (XPS). The total acidity was determined
from ammonia-TPD measurements. The sulfate and OH stretching
regions and the spectral modifications occurring upon ammonia ad-
sorption were investigated by DRIFT spectroscopy. The nature of
the acid sites prevailing at the activation and reaction temperature
was clearly of Brgnsted type, as observed by the IR characteris-
tic NHj,'r deformation band. With respect to sulfated zirconia, the
promoted catalysts exhibited higher fractions of tetragonal struc-
ture, sulfate densities, and Brgnsted acidity, all intervening in the
catalyst efficiency and stability. Incorporation of the promoter via
coprecipitation provided more efficient catalysts than via impreg-
nation. Platinum addition improved the performances (conversion,
long-term stability) of all catalysts, with this beneficial effect being
relatively more spectacular for nonpromoted than for promoted
sulfated zirconias.  © 2001 Academic Press

Key Words: butane isomerization; sulfated zirconia; Al-promoted
sulfated zirconia; Ga-promoted sulfated zirconia.

INTRODUCTION

Sulfated zirconia-based catalysts are considered as
alternatives to the industrial platinum on chlorinated alu-
mina catalysts for n-butane isomerization which require a
continuous supply of a chlorine compound to maintain the
activity (1). Arata (2) and Tanabe et al. (3) systematically
studied sulfated zirconias. The low-temperature activity of
these acid solids has been greatly improved by promotion
with transition metals (e.g., Fe, Mn) but, as nonpromoted
sulfated zirconias, these catalysts deactivate rapidly (4).
In most cases, addition of the promoter was done by
impregnation, before or after sulfating. Only in a limited
number of studies, the second metal was introduced using
a coprecipitation method. This is mainly because the role
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of the second metal has been considered as an additional
phase providing new and different active sites (redox sites)
and/or creating a synergistic effect with the acid sites of
sulfated zirconia (5).

In recent years, sulfated zirconias promoted with alu-
minum have been reported in the literature. Sulfated ZrO,-
Al, O3 mixed oxides (with about 29 mol% Al,O3) and their
platinum-impregnated forms were claimed as efficient cata-
lysts for the skeletal isomerization of n-butane and other
alkanes (6). A similar conclusion was formulated more re-
cently for sulfated Al-promoted zirconium oxide micro-
spheres prepared via a sol-gel method with Al,O3 contents
in the 0.83-7.6 wt% range (7). Gao et al. (8) showed that
the isomerization activity was optimal for a catalyst with
3 mol% Al,O3 prepared by a coprecipitation method. Sup-
porting sulfated zirconias on y -alumina (60 and 90 wt% SZ)
increased the steady-state conversion by a factor of 2.5 com-
pared with unsupported SZ, an improvement attributed to
the enhanced content of strong Lewis acid sites (9, 10). The
beneficial promoting effect of Al is not unanimous. For ex-
ample, Angelescu et al. (11) obtained comparable conver-
sions over sulfated Al-promoted zirconias (0.5 to 2.4 mol%
Al;O3) and sulfated zirconia. Mesoporous sulfated zirco-
nias and Al-doped forms exhibited similar activity in isobu-
tane isomerization, aluminum contributing to the stability
of the porosity by forming a surface coating (12).

In this study, n-butane isomerization has been investi-
gated over sulfated, Al- and Ga-promoted zirconias and
compared with sulfated zirconia. Two methods to introduce
the promoter (3 mol% as M,0O3) were compared: impreg-
nation and coprecipitation. The aim was to investigate the
eventual beneficial influence of these promoters in relation
with the preparation method and nature of the promoter
on the catalytic performances. The influence of platinum
addition was also considered.

EXPERIMENTAL

Preparation Methods

Impregnation. An oven-dried (100°C, 24 h) commer-
cial zirconium hydroxide (MEL Chemicals, XZO 631/01)
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was first impregnated with an aqueous solution contain-
ing the required amounts of AI(NO3);-9H,0 (UCB) or
Ga(NO3)3-nH,O (Johnson Matthey) in order to obtain
solids with 3 nominal mol% Al,Oz; or Ga,03, calculated
on the weight basis of ZrO,. The slurries, in the proportion
of 1 g of solid per milliliter of solution, were stirred for 1 h
and dried at 100°C for 16 h. In a second step, the solids
were impregnated with an adequate volume of 0.5 M sulfu-
ric acid in order to have 10 wt% SO3~ based on the weight
of ZrO,. After drying at 100°C, the solids were calcined in
static air for 3h at 650°C, with temperature being linearly in-
creased at a rate of 5°C min~!. The sulfated aluminum- and
gallium-impregnated catalysts are designated as SAZi-3
and SGZi-3, respectively, with A and G standing for Al
and Ga, and i for impregnation method.

Coprecipitation. An ammonia solution (min 25%,
UCB) was added dropwise under stirring (0.5mImin—*)toa
0.3 M solution of ZrOCl, - 8H,0 (Merck) wherein amounts
of AI(NO3)3 - 9H,0 or Ga(NOs3)3 - nH,O corresponding to
3 mol% M,03; (nominal) were previously dissolved, up to a
final pH 8. Stirring was maintained for an additional 20 min.
The precipitates were washed free of chlorides and dried
overnight at 100°C. The mixed hydroxides were impreg-
nated with 0.5 M sulfuric acid (10 wt% sulfate), dried for
16 h at 100°C, and calcined for 3 h at 650°C in static air (us-
ing the same ramp as above). The sulfated aluminum- and
gallium-mixed oxides are denoted as SAZc-3 and SGZc-3,
respectively, with ¢ standing for coprecipitation method.

Pt-impregnated samples were prepared by adding the ap-
propriate volume of a solution of platinum tetraammine
chloride (Johnson Matthey) (1 mg of Pt per milliliter of so-
lution) in order to deposit 0.3 wt% of Pt. Typically, 1 g of
precalcined sulfated modified zirconia was mixed with 3 ml
of the platinum salt solution, gently stirred, and evaporated
overnight in an oven at 80°C.

Characterization

Chemical analyses of Al, Ga, and Zr were performed
by inductively coupled plasma spectroscopy after a treat-
ment of the samples with NaOH-Na,O, and dissolution
in hydrofluoric acid. The sulfate content was determined
with a HF-400 LECO analyzer. The BET specific surface
areas were obtained from nitrogen adsorption—desorption
isotherms established at 77 K with an ASAP 2000 sorptome-
ter (Micromeritics) on samples previously outgassed in situ
for 6 hat 200°C. Thermogravimetric analyses between room
temperature and 1000°C (ramp of 10°C min—!) were carried
out over 10-mg samples with TGA/SDTA 851 equipment
(Mettler-Toledo), under air flow of 100 ml min—1.

The total acid content was established by temperature-
programmed desorption of ammonia (NH3-TPD) (ramp
of 10°C min~—1). The samples (0.2 g), previously activated
in situ at 500°C for 30 min and cooled at 100°C in flowing
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He (65 ml min~!), were saturated with successive pulses
of ammonia. After a purge with helium for 1 h at 100°C,
the ammonia evolved during TPD between 100 and 500°C
(ramp of 10°C min—; helium flow of 65 mI min—!) followed
by a plateau for 30 min was collected by bubbling the efflu-
entatthe exit of the TC detector in 0.2 M boric acid solution.
The amount of ammonia released was determined by back-
titration of the solution with 0.005 M sulfuric acid, using a
Digital Il burette (precision £0.01 ml, Brand) and mixed
indicator 5 (Merck).

X-ray diffraction (XRD) patterns of the calcined sam-
ples were recorded in the 5-65° 20 range at a scanning rate
of 0.03° 20 every 5 s with a Kristalloflex D-5000 (Siemens)
apparatus (monochromated CuKea radiation). The volume
fraction of the monoclinic phase was evaluated by follow-
ing the method of Toraya et al. (13). Because of partial peak
overlapping, decomposition was performed with Diffract-
AT software, peak simulation being done with a Lorentz
function and successive iterations until the width of the dif-
ferent peaks did not differ by more than 5%.

Raman spectra were recorded under ambient conditions
with a Labram Il spectrometer (Dilor-Jobin Yvon-Spex)
equipped with a He-Ne laser (A, 632.8 nm; 25 mW, slit
width, 200 xm; resolution, 3 cm~1) after three scans with
accumulation time of 60 s each.

XPS spectra were obtained with an SSI X probe
spectrometer (SSX-100/206, Surface Science Instruments)
equipped with a monochromatized microfocused AlK«
source. The operating conditions have been indicated else-
where (14). The binding energies of the O 1s, Al 2s, Ga
3p, Zr 3d, and S 2p peaks were referenced to that of the
C—(C,H) component of the C 1s peak of adventitious car-
bon at 284.8 eV. Peak decomposition was performed with a
least-squares fitting routine, using a Gauss/Lorentz ratio of
85/15 and after nonlinear baseline subtraction. The atomic
concentration ratios were calculated from the peak areas
normalized on the basis of acquisition parameters and sen-
sitivity factors provided by the manufacturer.

Diffuse reflectance Fourier transform infrared (DRIFT)
spectra were obtained with an IFS55 Equinox spectrom-
eter (Bruker) equipped with an MCT detector and an
environmental temperature-controlled chamber (Spectra-
Tech). Spectra (200 scans with a resolution of 4 cm~!) were
recorded in flowing dry air (50 ml min—!) at room tem-
perature and after successive heating to 450°C (activation
temperature), and cooling to 250°C (reaction temperature).
The air flow was passed through a water trap (Gas purifier,
Alltech) prior to its admission into the analysis cell. At this
temperature, the cell was purged with helium for 20 min and
a flow of diluted ammonia (0.5 vol% in He; 50 ml min—1)
was passed for 20 min, followed by an additional purge with
pure helium for another 20 min. Spectra were recorded be-
tween 250 and 450°C at temperature intervals of 50°C and
under flowing helium.
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Isomerization of n-butane was carried out in a conti-
nuous-flow microreactor (8 mm i.d.) operated at atmo-
spheric pressure. The catalyst (0.5 g, 0.2-0.315 mm fraction)
was introduced in the reactor between quartz wool plugs,
and activated in flowing dry air (50 ml min—!, Air Liquide)
at 450°C for 1.5 h. Cooling at the reaction temperature
(250°C) was done in flowing air. For the Pt-impregnated
catalysts, the air activation was followed, after a helium
purge, by a reduction in flowing hydrogen (50 ml min—1)
for 1.5 h at 250°C prior to the admission of the reaction
mixture. The feed consisted of a mixture of 1 ml min—!
of n-butane (Air Liquide, 99.95%) and 10 ml min—! of H,
(Air Liquide, 99.90%). The WHSV was 0.3 g of butane
per gram catalyst per hour. The gases were passed through
“Hydro-purge” and “Oxy-trap” (Alltech Associates) in or-
der to remove water and traces of oxygen. It was verified
that under these conditions diffusion limitations were ab-
sent. The reaction products were analyzed on-line in a gas
chromatograph (Hewlett-Packard 5880A) equipped with a
TC detector and a 50-m-long Al,O3/KCI capillary column
to separate the products. Conversion, yields, and selectivity
were calculated on a carbon number basis.
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RESULTS

Catalysts Characterization

Characterization results of the nonpromoted sulfated zir-
conia and the promoted catalysts obtained by impregnation
and coprecipitation are given in Table 1. The catalysts pre-
pared by impregnation developed larger surface areas. All
catalysts exhibited type Il isotherms indicative of the pres-
ence of macropores with, for SZ and the co-precipitated
catalysts, H2—H3 hysteresis loops suggesting nonuniform
slit-shaped mesopores (15). The total pore volumes of the
SMZi -3 catalysts (M = Al, Ga) were about twice as high as
for the SMZc-3 catalysts, with intermediate value for
nonpromoted SZ. Negligible micropores were present
(0.005 cm?® g~ for the SMZi catalysts, 0.001-0.002 cm® g~*
for the other ones). All the samples showed unimodal BJH
pore size distribution with pore diameter in the 2.6-3.4 nm
range.

The sulfate contents of the samples (Table 1) decreased
in the order SAZ>SGZ > SZ, with small differences
between the impregnated and coprecipitated samples.
Since they all were impregnated with similar amounts of

TABLE 1

Characterization Data of the Different Catalysts

Sample
Sz SAZi-3 SGZi-3 SAZc-3 SGZc-3
Textural properties

Sser (M2 g71) 96 137 125 103 97

Vp (cmé g71) 0.105 0.146 0.137 0.076 0.083
Sulfate content (Wt%o)

ca. 4.86 8.14 7.26 8.15 6.50

TGA 434 7.65 6.87 7.15 5.82
Sulfate density

(SO nm~2) 3.2 3.7 36 5.0 42
Surface coverage (%) 79.3 93.1 91.0 124.0 105.0
Water content (wt%)

TGA 312 5.97 5.03 5.25 3.93
Monoclinic fraction (%)? 40.6 12.8 14.3 5.4 <5
XPS analysis

SiZr

ca. — 0.126 0.118 0.119 0.095

Xps 0.136 0.147 0.152 0.198 0.160
M/Zr

ca. — 0.058 0.060 0.055 0.056

Xps — 0.048 0.035 0.061 0.045
Acidity

NH3-TPD (umol g~1) 248 342 394 298 284

umol m=2 2.58 2.50 3.15 2.89 2.93

umol SOf,’/umoI NH; 1.98 2.33 1.82 2.70 2.29

NH;-IR (a.u. m=2)

250°C 1.42 241 2.45 2.14 2.44
450°C 0.003 0.168 0.256 0.194 0.227

@ Method of Toraya et al. (13); c.a., chemical analysis.
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FIG.1. DTG curves of the different catalysts previously calcined at
650°C and stored under ambient conditions.

sulfate and calcined at 650°C, this sequence suggests that,
independent of the preparation method, promotion with
Al and Ga had a favorable effect on sulfate retention with
respect to nonpromoted sulfated zirconia. In terms of sur-
face coverage by sulfate, this table also shows that, assum-
ing a surface area of 0.25 nm? for a sulfate group (16), the
amounts of sulfate corresponded to less than the theoretical
monolayer capacity for the solids obtained by the impreg-
nation method, whereas monolayer coverage was achieved
for the coprecipitated samples, with an excess for SAZc-3.

The DTG curves of the different catalysts (Fig. 1) showed
a first weight loss with a minimum below 100°C due to
the removal of water. The losses above 500°C are associ-
ated with the decomposition of the sulfate. The existence of
two minima (near 690 and 820°C) suggests sulfate species
with distinct thermal stability, possibly reflecting different
sulfate—oxide interactions. The first component was rela-
tively more developed than the second one for the SAZ
catalysts compared with SGZ. Sulfated zirconia showed a
small contribution at 680°C and a main minimum at 790°C,
namely, about 30°C lower than for the promoted catalysts.
Such a temperature difference has been attributed to the
stabilizing effect of the Al promoter on the sulfate species
(17). The sulfate contents determined from the weight
losses between 500 and 1000°C are compared in Table 1
with those obtained by chemical analysis. Both sets of val-
ues followed a similar sequence, with a linear relationship
between them. The higher values determined by chemi-
cal analysis are probably due to the different temperatures
used for the determination of sulfate (1500°C vs 1000°C for
the TGA). This table also shows that the percentages of
water taken up by the samples previously calcined at 650°C
and kept under ambient conditions were proportional to
the sulfate content.

The XRD patterns of the catalysts (Fig. 2) mainly showed
the reflections of tetragonal ZrO, which were noticeably
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more intense for the coprecipitated than for the impreg-
nated samples. Sulfated zirconia contained an appreciable
amount of the monoclinic phase. As seen in Table 1, the
volume fraction of the monoclinic phase was about 3 times
higher in SZ than in SAZi-3 and SGZi-3, and 6-8 times
more than in SAZc-3. No reliable figure could be obtained
for SGZc-3 because of the very weak peak intensity, but
the monoclinic fraction was well below 5%.

The Raman spectra (Fig. 3) exhibited the characteris-
tic bands of the tetragonal phase at 643, 458, 318, 278,
and 150 cm~! (18). SZ, SAZi-3, and SGZi-3 showed ad-
ditional bands at 180, 189, 220, 330-340, 383, 475, 505(sh),
535, 555, and 615 cm~!, typical of the monoclinic struc-
ture (see reference spectrum of ZrO, calcined at 650°C).
The doublet at 180-189 cm~! was barely observed for the
coprecipitated samples. It is interesting to mention that
the spectra of the coprecipitated oxides (no sulfate) and
their sulfated forms were much similar (spectra not shown
here). The promoted samples exhibited Raman bands due
to S—O stretching vibrations at 983, 1008, and 1029 cm™1.
The band at 983 cm™1, absent in SZ, could be related with
sulfate interacting with Al and Ga. A band at 982 cm™!
was, indeed, observed for a sulfated y-alumina calcined at
600°C. This band was more intense for the Al-promoted
samples relative to the Ga-promoted ones, which could be
related to the sulfate contents. In the literature, a doublet at
1000-1030 cm~! has been attributed to two sulfate species
with slightly different distortions (19). Of course, under
the conditions adopted (rehydrated samples, atmospheric
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FIG.2. XRD patterns of the series of catalysts calcined at 650°C.
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FIG.3. Raman spectra recorded at room temperature.

conditions, room temperature), the S=O stretching mode
(around 1400 cm™?) observed in in situ recordings (high
temperature, vacuum) (19) was absent.

Analysis of the XPS spectra showed for all catalysts two
components for the O 1s peak, with BE values of 530.5
and 532.4 eV. The binding energy of the O 1s of the Zr-O
component and Zr 3d(5/2 and 3/2) peaks was 0.6 eV higher
relative to ZrO, (with BE of O 1s=529.9 eV). The O 1s
peak of the S-O bond had a binding energy of 532.4 eV
(532.6eVin Zr(S0O,)2). This0.6 eV shiftreflectsan electron-
withdrawing effect by the sulfate groups at the surface of
zirconium oxide. In stoichiometric zirconium sulfate, the
BE of the Zr 3d peaks was 2.3 eV higher than in ZrO,. The
BE values of the Ga 3p(3/2 and 1/2) levels in SGZc-3 were
105.9 and 109.5 eV, respectively, which is 0.3 eV higher than
in Ga,O3. For SGZi-3, the binding energies were similar to
those found in gallium oxide (105.6 and 109.2 eV). For the
Al-promoted catalysts, the BE of the Al 2s peak was slightly
higher (0.2-0.3 eV) than in Al,O3 (precision limit: 0.1-0.2
eV). The S 2p(3/2 and 1/2) peaks of the promoted and non-
promoted SZ had similar binding energies. All the samples
exhibited, as expected, higher surface than bulk S/Zr atomic
ratios (Table 1). The lower M/Zr atomic ratios of the cat-
alysts prepared by impregnation relative to those obtained
by coprecipitation may be accounted for by a dilution ef-
fect due to the higher surface areas of the former ones. For
the same reason, the former catalysts also had a lower S/Zr
ratio with respect to the SAZc-3 and SGZc-3 catalysts.
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The quantities of ammonia released in TPD measure-
ments are given in Table 1 (acidity). Higher amounts were
found for the promoted catalysts than for sulfated zirco-
nia. The catalysts prepared by the impregnation method
adsorbed more ammonia than those obtained by coprecip-
itation, the differences decreasing when normalizing to the
surface areas, with slightly higher values for SGZc-3 than
SAZc-3. The sulfate/acid ratios (expressed as micromoles
of SO3~ per micromole of NH;) were between 1.8 and 2.7
(with the higher ratio for SAZc-3 with overlayer sulfate),
indicating that each sulfate group did not generate an ad-
sorption site. The results obtained with this method should
be interpreted with caution since they represent global
ammonia uptakes which do not differentiate physisorbed
ammonia (which cannot be excluded at 100°C) from that
in interaction with Lewis and Brgnsted acid sites, as well
as ammonia possibly interacting with NH; (20). Besides,
the validity of the NH3-TPD method for the determination
of the Brgnsted acidity, at least in the case of microporous
solids (zeolites), has been recently questioned (21). How-
ever, as will be discussed in the next section, both Brgnsted
and Lewis acidities were clearly identified by DRIFT spec-
troscopy of adsorbed ammonia.

DRIFT Spectroscopy before and after Ammonia
Adsorption

DRIFT spectra were recorded under conditions repro-
ducing as closely as possible those of the activation treat-
ment (450°C) and reaction temperature (250°C), and in par-
ticular the hydration state which has a critical importance
on the catalyst acidity and activity (5). As shown in Fig. 4a,
similar spectra were obtained in the sulfate region (1000-
1400 cm™1) after activation in air at 450°C, with a band
at 1394-1397 cm~1, more intense for the promoted cata-
lysts obtained by impregnation, and poorly resolved ones
near 1310, 1200-1220, and a broad absorption with com-
ponents near 1010 and 1025-1035 cm~L. The small band at
1620 cm~! indicated the persistence of some residual water.
The band around 1220 cm~! was a little more intense for the
Al-promoted catalysts, possibly in relation with the species
with DTG minimum at 690°C. In sulfated zirconia, bands
at 1390-1394 cm~1, 1200-1220 cm~!, and 1025-1035 cm—!
have been attributed to the vs=p of surface (ZrO);S=0O
species and/or to the asymmetric O=S=0O stretching mode
of (Zr),SO, species, the symmetric O=S=0O stretching
mode of (Zr),SO, species, and the vs—o stretching mode(s)
of all surface sulfates, respectively (22, 23). Bands between
1000 and 1035 cm~! would indicate more complex struc-
tures, possibly at different crystallographic surfaces (24),
or sulfate species with slightly distorted configurations (19)
(see Raman results).

The OH stretching region (Fig. 4b) showed a main band at
3625-3630 cm~! and ashoulder at 3720 cm~L. Another band
at 3560 cm~, better resolved at intermediate temperatures
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FIG.4. (a) DRIFT spectra at 450°C of the sulfate stretching region.

(b) DRIFT spectra at 450°C of the OH stretching region.

(higher hydration level) than at 450°C, was more intense
for the coprecipitated than the impregnated catalysts, and
nearly absent for nonpromoted SZ. A broad weak band
centered around 3230 cm~? was also noticed. Bands at 3720
and 3620 cm~! have been assigned to isolated and bridg-
ing OH groups coordinated to more than one Zr cation,
respectively, whereas a band at 3560 cm~! would be due
to nonspecified hydroxyl groups present in sulfated zirco-
nia (absent in pure zirconia) (25). A broad band at 3250-
2950 cm~! has been attributed to terminal ZrOH groups
where the protons are substituted by HSO, anions creat-
ing a new type of Bransted sites, presumably protons form-
ing multicenter bonds with sulfate anions (26), or to OH
groups strongly interacting with each other or with the sur-
face through hydrogen bonding (27). The band at 2750 cm—!
could be assigned to an overtone of the band near 1390 cm~?
(26).

Subsequent cooling at 250°C (reaction temperature) did
not significantly modify the spectra in the S=O and S—-O
stretching regions. A limited rehydration apparently occur-
red as inferred from the increased intensity of the band at
1615-1620 cm~! which, in more hydrated samples, was lo-

MORENO AND PONCELET

cated at 1635 cm~!. Also, the band at 1310 cm™? slightly
increased. In the OH stretching region, the intensity of the
bands at 3560 and near 3230 cm~? increased relative to that
at 3630 cm~1. These modifications resemble those observed
by Gonzalez et al. (28) upon addition of controlled amounts
of water to a dehydrated sulfated zirconia. These authors at-
tributed a band around 1600 cm~? to an overtone of an OH
bending mode at 800 cm~! probably associated with the hy-
droxyl stretching at 3640 cm~, pointing to the dissociative
adsorption of water. Morterra et al. (29) questioned this at-
tribution and rather assigned a band at 1600-1610 cm~! and
three OH stretching modes at 3590, 3250, and 3170 cm~! to
H3;O™ groups free from the diffuse H-bondings supposed
typical of more hydrated stages, and having localized inter-
action with anionic groups (30). These authors related the
occurrence of this species with the development of sulfate
species having aslightly more ionic character (bands at 1300
and 1130 cm~1). This attribution appears consistent with the
spectral features mentioned above and could account for
the small increase of intensity of the band at 1310 cm—!
in the samples cooled at 250°C, the one at 1130 cm™!
being probably hidden in the broad envelope above 1200-
1220 cm1,

Ammonia was adsorbed on the samples cooled at 250°C,
and the spectra were recorded after a helium purge for
20 min at that temperature, and after successive heating
to 450°C under flowing helium. All the spectra (includ-
ing those of SZ) exhibited features qualitatively similar to
those illustrated in Figs. 5a and 5b for SAZc-3. It was veri-
fied that longer exposure times to ammonia did not modify
the spectra. As shown in Fig. 5a, adsorption of ammonia
brought about a significant decrease of intensity of the band
at 1394 cm~? with a shift to 1355 cm~, the development of
a new band centered at 1290-1295 cm~!, and an upward
shift of the components at 1035 and 1015 cm~! to 1065-
1055 cm~!. An intense band appeared near 1430 cm™!,
assigned to the asymmetric deformation of NH; (proton
transfer from OH to NH3), and a tiny one at 1609 cm™1,
less intense than that near 1615-1620 cm~* before ammo-
nia adsorption, probably the asymmetrical deformation of
NH3 adsorbed on Lewis sites, and apparently indicating the
displacement of water molecules by ammonia. A similar
effect was observed by Morterra et al. (30) upon pyridine
adsorption on sulfated zirconia. The small intensity of this
band points to a low content of Lewis sites. Table 2 gives the
position of the S=O band before and after adsorption of
ammonia for the different catalysts. Larger shifts (Avs=0p)
were observed for the promoted catalysts compared with
SZ. In the high-frequency region (Fig. 5b), ammonia ad-
sorption caused the disappearance of the OH band near
3720 cm~1. The band at 3634 cm~* slightly decreased, and
the band at 3570 cm~* broadened and shifted at 3550 cm~.
Several N-H stretching bands were noticed at 3360, 3270,
3173, 3046, and 2828 cm~!. The position of these bands is
similar to that observed by Teunissen et al. (31) for doubly
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(3040 and 2800 cm~1) and triply bonded NH; (3360 and
3270 cm~1) in mordenites. However, when ammonia is
adsorbed on ZrO,, only two bands are observed at 3380
and 3280 cm~! which have been assigned to the asymmet-
ric and symmetric N—H stretching vibrations of ammonia
coordinated to Lewis sites (32). In this study, bands at 3350

TABLE 2

Band Position of the vs=0 Mode (cm~1) before and after
Adsorption of Ammonia at 250°C, and after Desorption at 450°C

V=0 Vs=o0 after
desorption
Catalyst Before After Avs=0 at 450°C
SZ 1393 1363 30 1386
SAZi-3 1392 1355 37 1380
SGZi-3 1393 1358 35 1378
SAZc-3 1392 1355 37 1381
SGZc-3 1394 1355 39 1377
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and 3256 cm™! (and at 1610 cm~!) were as well observed
upon ammonia adsorption on pure ZrQO,, therefore sup-
porting the latter assignment for the N-H bands at 3360
and 3270 cm~!. Based also on the analogy with reported
values (33), the bands at 3046 and 2828 cm~! can be at-
tributed to N-H stretching of NH . The assignment of the
band at 3173 cm™1 is not clear: N-H of coordinated NH; by
Topsoe et al. (33); overtone of the 8§55 of NH3-L at 1605 cm !
by Ramis et al. (34). Zecchina et al. (35) assigned bands at
3115 and 2865 cm~! of ammonia adsorbed on zeolites to
overtones of N—-H doublets at 1450-1400 cm~! (of NH})
and their combination with bending modes at around
1650 cm~*. The absence of fine structure of the absorption
centered near 1430 cm~! (Fig. 5a) makes it impossible to
detect possible bi- and tridentate NH; species with differ-
ent symmetries, as clearly observed in the case of zeolites.
Of course, the rather different nature of both types of solids
and, in particular, the essentially microporous structure of
zeolites and the nature of the Brgnsted acid sites (bridging
Si-OH-AI"Y) have to be taken in account.

Successive heating to 450°C (Fig. 5a) brought about a
progressive diminution of the NH; (1430 cm~1) and NH3-
L (1609 cm~1) bands, an upward shift of the S=O band to
higher wavenumbers, a decrease of the broad band near
1295 cm~! with an upward shift to 1310-1315 cm~!, and
a downward shift of the band at 1051 cm™ (vso) to
1034 cm~1. For none of the promoted samples was the initial
spectrum completely restored after heating at 450°C. For
SZ, the ammonium band at 1430 cm~! was nearly totally
eliminated at 450°C, with the one at 1609 cm~! (NHs-L)
relatively less affected. The intensity of the band at 1310-
1315 cm~! was significantly reduced and, as shown in
Table 2, the vs=o band was back at 1386 cm~%, namely,
7 cm~! lower than its initial position (1393 cm—1), and its
initial intensity was almost restored. For the Al- and Ga-
promoted samples, the ammonium band (1430 cm—1) after
heating at 450°C remained more intense than in SZ, with
the S=O band being shifted back to 1380 cm~! for the Al
samples, and to 1377 cm~1 for the Ga samples, namely, a dif-
ference of 11-17 cm~! with respect to the initial positions.
As for SZ, the band at 1609 cm~! was still visible. Also, the
band around 1300 cm~! remained more intense compared
to that of SZ. In the high-frequency region (Fig. 5b), the
initial structure of the OH bands was not recovered after
heating at 450°C, and all the N-H stretching bands were
still visible. The incomplete removal of ammonia associ-
ated with the position of the S=O stretching band at lower
wavenumbers than before ammonia adsorption (Table 2),
and the persistence of the different N-H bands between
3400 and 2800 cm™? suggests strong Lewis and Brgnsted
acid sites, with the latter ones being probably stronger for
the promoted catalysts relative to nonpromoted sulfated
zirconia, as also suggested by the data of Table 2 (differ-
ences of the S=O band position before and after ammonia
adsorption, and after desorption at 450°C).
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These observations are consistent with literature data.
Gonzalezetal. (28) observed aband at 1430 cm~1, the inten-
sity of which increased upon incremental coverage of sul-
fated zirconia by ammonia. A tiny band at 1600-1606 cm—1,
whose intensity was barely affected by increasing amounts
of ammonia adsorbed, was tentatively assigned to coordi-
natively bound NHg, thus pointing to a small number of L
sites. In parallel, the intensity of the band at 1420-1370cm—!
decreased and that of a new band 1280 cm~! increased.
Morterraetal. (30) attributed the decrease of the separation
between the two uncoupled S-O vibrations (in this study,
Av =365 cm~! (1395-1030 cm~?) before NH; adsorption,
and Av =300 cm~! (1355-1055 cm~1, after adsorption) as
a decrease of the highly covalent character of the S=O
bond to a lesser covalent bond. The appearance of a band
at 1295 cm~! is interpreted as a change of sulfate species
with covalent character to sulfate with ionic character. The
weakly intense band at 1310 cm~! before ammonia adsorp-
tion could be assigned to such species. However, the band at
1295 cm~1 should also contain the 8sym mode of NHz—-L. Per-
haps the shift of the band at 1295 cm~! to 1315 cm~! upon
heating observed in this study would indicate a distribution
of Lewis sites with different strengths (32, 36). Tanabe et al.
(3) considered the ability of the sulfate species to accom-
modate electrons from an adsorbed basic molecule as the
driving force to generate highly acidic properties.

The integrated areas of the ammonium band at 250°C
and after heating at 450°C, normalized to the sample sur-
face area exposed to ammonia (in arbitrary units per square
meter), are compiled in Table 1 (acidity, NH;-IR). The
value obtained at 250°C for SZ was markedly smaller than
for the promoted catalysts. Those of the Ga-promoted
samples were superior to the Al-promoted ones, with a
significantly lower value for SAZc-3 (consistently with the
NH;3-TPD data). This latter sample had overlayer sulfates,
suggesting adsorption sites partly inaccessible to ammonia
or less sites. After heating at 450°C, there was an approx-
imate 10- to 14-fold decrease of the acid densities for the
promoted catalysts, and a factor of over 400 for SZ. These
data indicate that promotion with Al and Ga brought about
an important increase of the strong Bransted acidity with
respect to nonpromoted sulfated zirconia. In addition, the
smaller temperature effect on the removal of ammonia for
the promoted catalysts suggests B sites with higher strength
than in sulfated zirconia.

Catalysis

The conversion—time curves obtained at 250°C over the
nonpromoted and promoted catalysts are compared in
Fig. 6a. All the promoted catalysts exhibited higher ini-
tial conversions than SZ. For the Ga-promoted catalysts,
adramatic loss of conversion occurred within the first hour
of reaction so that they became markedly less active even
than SZ. Beyond 1 h, the conversion started to increase
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FIG.6. (a) Conversion-time curves for the different catalysts.

(b) Conversion-time curves for the Pt-impregnated catalysts.

again. For SGZc-3, the conversion equalized that of SZ
after about 2 h of reaction; after about 5-6 h, it was the
most active catalyst. For SGZi-3, it took about 7 h to reach
the same conversion level as SZ. At steady conversion, the
catalysts prepared by coprecipitation were more efficient
than those obtained by impregnation. In addition, promo-
tion also had a positive effect on the long-term stability of
the catalysts. At steady conversion, the selectivities to i-C4
were in the range 90-96% for the more active catalysts, and
1009% for the less active SZ and SGZi -3 catalysts.

In order to find an explanation for the unexpected cata-
lytic behavior of the Ga-promoted catalysts, XRD patterns
of separate samples of SGZc-3 having reacted for 1 h
(minimum conversion) and 15 h (steady conversion) were
recorded. No difference with respect to the fresh cata-
lyst was observed, therefore excluding detectable phase
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modification. XPS analysis of these samples (using a ce-
ramic sample holder to avoid charging effects) showed
some changes of the surface atomic compositions, with
higher S/Zr and Ga/Zr ratios for the sample examined after
1 h of reaction (0.146 and 0.049, respectively, vs 0.143 and
0.039 for the fresh catalyst, and 0.142 and 0.046 after 15 h
reaction). DRIFT spectra recorded at 250 and 450°C of the
sample having reacted for 1 h showed a marked asymme-
try of the band at 1394 cm~1, with a component at about
1370 cm~. A less marked asymmetry was also observed
for the sample after 15 h reaction. This contrasts with the
fresh catalyst, which exhibited a symmetrical band at 1394
cm~. Bands at 1394 and 1370 cm~! have been attributed
to S=O stretching of (ZrQ);S=0O species on a different
crystal faces (22, 37, 38). It has been shown that a sulfated
Fe-promoted zirconia with 2.5 wt% sulfate exhibiting only
a band at 1370 cm~! (at 450°C) was totally inactive in n-
butane isomerization compared with catalysts with higher
sulfate content exhibiting a single vs=o band at 1394 cm—!
(14). These observations suggest partial migration of less
tightly bonded sulfate species to another face of the crys-
tals and, possibly, a redistribution in the course of the re-
action. However, it could well be that this effect merely
constitutes a consequence rather than the origin of the ob-
served phenomenon. Work in progress, indeed, indicates
that the particular behavior of SGZc catalysts is not always
observed and depends on several factors such as calcination
and activation temperature, nature of the sulfate source,
amount of sulfate, platinum addition (as shown below),
and space velocity. Therefore, a definitive explanation is
premature. In situ spectroscopic investigation during reac-
tion could cast more light on the unusual behavior of these
catalysts.

Figure 6b shows the conversion vs time curves obtained
over the series of Pt-impregnated catalysts. All the catalysts,
including sulfated zirconia, exhibited higher steady conver-
sions compared with the Pt-free forms. The fast decrease
of conversion during the first hour of reaction observed
in Fig. 6a was nearly absent, with the steady regime being
readily attained. The presence of platinum also totally sup-
pressed the atypical behavior of the Ga-promoted catalysts.
At steady conversion, Pt/SGZi-3 was this time more active
than Pt/SAZi -3 (reproducibility 3-5%), and the conversion
of Pt/SZ was improved by a factor of about 2.6 with re-
spect to SZ, with a conversion-time curve similar to that of
Pt/SAZi-3.

The conversions, selectivities to i-C4, and yields of the
reaction products after 5 min and at steady regime, without
and with platinum, are compared in Tables 3a and 3b, re-
spectively. Without Pt (Table 3a), besides i-C4 as the main
product, only propane was formed during the first part of
the reaction over SZ (up to about 4 h). Over the promoted
catalysts, propane was produced throughout, together with
some C2 and i-C5 (only in the first 30-40 min). For all
the Pt-impregnated catalysts (Table 3b), the conversions
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TABLE 3

Conversion, Selectivity and Yields after 5 min Reaction and at
Steady Regime over Pt-Free and Pt-Impregnated Catalysts

Yield (%)
Conv.  Select.
Catalyst (%) (%) C, C, Cs i-C4 i-C5
(a) Pt-Free Catalysts
After 5 min
sz 40.9 89.4 00 00 4.3 36.6 0.0
SAZi-3 53.0 75.3 00 06 9.8 39.9 2.7
SGZi-3 58.3 69.9 00 10 13.4 40.8 3.2
SAZc-3 58.2 67.7 00 09 15.1 39.4 2.8
SGZc-3 66.6 53.5 00 24 25.3 35.6 3.3
Steady regime
sz 115 100 00 00 0.0 115 0.0
SAZi-3 235 95.8 00 00 1.0 225 0.0
SGZi-3 14.3 100 00 00 0.0 14.3 0.0
SAZc-3 35.5 93.3 00 00 2.4 33.1 0.0
SGZc-3 40.3 90.4 00 04 35 36.4 0.0
(b) Pt-Impregnated Catalysts

After 5 min
Pt/SZ 38.3 92.6 00 08 21 354 0.0
Pt/SAZi-3 36.5 94.2 00 09 13 34.3 0.0
Pt/SGZi-3 48.2 88.9 00 17 3.7 42.8 0.0
Pt/SAZc-3 46.5 88.8 00 18 35 41.3 0.0
Pt/SGZc-3 59.5 72.9 19 34 108 43.4 0.0
Steady regime
Pt/SZ 30.2 95.6 00 00 1.3 289 0.0
Pt/SAZi-3 30.9 95.8 00 03 1.0 29.6 0.0
Pt/SGZi-3 375 925 00 11 17 34.7 0.0
Pt/SAZc-3 38.1 92.5 00 11 18 35.2 0.0
Pt/SGZc-3 51.7 83.0 09 22 5.7 42.9 0.0

at 5 min were lower than those over the Pt-free forms,
with this decrease being relatively more important for
the promoted catalysts, whereas the steady conversions
were significantly enhanced, with a substantially higher rel-
ative gain for Pt/SGZ than for PtYSAZ catalysts. The more
active catalysts were slightly less selective to i-C4, owing
to enhanced side products (hydrogenolysis/cracking). Over
the promoted catalysts, ethane and propane appeared
throughout the reaction with, for Pt/SGZc-3, also some
methane. No i-C5 was found among the reaction products
over the Pt-loaded catalysts. In no case (without or with Pt)
were olefins formed, even in amounts below the integration
limit.

DISCUSSION

The main features emerging from the catalytic results
may be summarized as follows: (i) promotion with Al or Ga,
whether by impregnation or coprecipitation, enhanced the
catalytic properties and stability relative to pure sulfated
zirconia, confirming reported results over SAZ catalysts
(e.g., 8, 39, 40); (ii) the promoted catalysts prepared by
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coprecipitation were more efficient than those obtained by
impregnation, with the Ga coprecipitated catalyst being su-
perior to the Al analogue; and (iii) platinum deposition
increased the catalytic performances with respect to the Pt-
free forms.

The principal parameters which distinguish the catalysts
obtained with the two preparation methods are surface
area, monoclinic/tetragonal fraction, amount of sulfate,
acid content, and nature of the promoter. In the literature,
the catalytic results over nonpromoted and promoted sul-
fated zirconias have been discussed in terms of crystalline
phase(s), sulfate content (surface densities, coverage), and
acidity (the nature of which is influenced by the presence
of water).

The SZ catalyst contained a substantially higher fraction
of monoclinic structure than the promoted ones, with this
phase being more developed in the catalysts obtained by
impregnation than by coprecipitation, and almost absent in
the most active SGZc-3 catalyst. Promotion with Al and Ga
stabilized the tetragonal phase, independent of the presence
or absence of sulfate. Indeed, the XRD patterns of both the
coprecipitated mixed oxides and those prepared by impreg-
nation calcined at 650°C (no sulfate) showed exclusively the
reflections of the tetragonal phase. In contrast, pure zirconia
was totally monoclinic. A similar effect has been observed
with other promoters, e.g., Y203 (41). It has been shown
that the sulfated monoclinic structure was poorly efficient
in n-butane isomerization (42, 43), and inactive in hexane
isomerization (44). This would account for the lower con-
versions observed for SZ. Attempts to prepare SZ catalysts
with higher amounts of sulfate failed. After calcination at
650°C, sulfate contents of 4.14, 4.37, 4.37, and 4.50% were
found for nominal weight percentages of sulfate introduced
at the impregnation step of 5, 7.5, 10, and 15%, respectively
(sulfate densities between 2.5and 3.1 SOf{ nm~2). The frac-
tions of monoclinic structure were around 28-30%, and the
conversion—time curves nearly superimposed, with steady
conversion of about 20-23%. This suggests that without
promoter, the amount of sulfate that can be retained on
the solid calcined at 650°C remained insufficient to prevent
the formation of the monoclinic structure. As illustrated in
Fig. 7, the conversions after 5 min decreased proportionally
to the fraction of monoclinic phase in the catalysts, with a
conversion of about 7% for a SZ sample with 80% mono-
clinic structure (2.44% sulfate, 53% coverage), whereas a
negative exponential-type curve was obtained with the val-
ues at steady conversion, indicating that other factors also
have to be considered, principally, as discussed below, the
loss of the very strong acid sites in the early stage of the
reaction.

Gao et al. (8) and Xia et al. (39) proposed that Al incor-
poration (with a higher electronegativity than Zr) in the
ZrO, matrix brought about an increase of the positive par-
tial charge on the Zr cations as a result of the formation
of Zr-O-Al bonds which helped to stabilize the sulfate
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species at the oxide surface (with an increase of the num-
ber of strong acid sites). In this study, the XPS data show-
ing such bonds in SAZc and SGZc (much less so for the
SMZi catalysts), and the sulfate densities increasing in the
order SZ < SMZi < SMZc are apparently consistent with
that proposal. The similar sequence of tetragonal fraction
and sulfate densities of the different catalysts suggests that
both are inter-related, with the promoter effect on sulfate
retention being merely due to the stabilization effect it has
on the tetragonal structure. The sulfate content of SZ and
the catalysts prepared by impregnation, with higher frac-
tions of monoclinic phase, was insufficient to ensure a com-
plete monolayer (namely, 4 SO;~ nm~2), whereas mono-
layer coverage was achieved for SGZc-3, nearly exempt of
this structure. SAZc-3, with an excess of sulfate with respect
to monolayer coverage, contained a little more monoclinic
phase. It has been shown that overlayer sulfates decreased
the stabilization of the tetragonal phase (45), and hindered
the isomerization activity (46), which is in line with our re-
sults. The importance of surface coverage on the catalytic
efficiency of sulfated zirconias was also stressed by Laizet
et al. (44) and, in agreement with those authors, it may be
concluded that this factor is primordial to the catalytic activ-
ity of these materials. The cited authors related the essential
role of the tetragonal phase to the higher number of Zr coor-
dinative bonds (weaker Zr-O bond strength) which, upon
activation, should facilitate the formation of Zr®* Lewis
sites and nearby Brgnsted SO-H sites. Both our character-
ization results and catalytic data are partly consistent with
this observation.

With respect to the relation surface coverage-acidity—
activity, it is not clear from the literature which type of acid
sites are active in butane isomerization over SZ catalysts.
One reason for this situation is that the acidity determina-
tions have often been carried out under conditions quite
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different from those prevailing for the catalytic measure-
ments, which may have a dramatic importance for catalysts
as sensitive to water as sulfated zirconias. Some authors
proposed that only Lewis acidity would be involved (3, 22,
47-50). Other authors (51, 52) found a relationship between
the activity and the B/L ratio, a catalyst with only L sites be-
ing inactive. For Yalurisetal. (53), the intervention of B sites
(largely overwhelming the L acidity) would predominate,
as clearly demonstrated by selective poisoning experiments
with ammonia, with the L sites possibly contributing to a
reinforcement of the strength of the B sites via inductive
effects, as also proposed by Laizet et al. (44). Zalewski et al.
(54) observed, in isobutane/2-butene alkylation over a sul-
fated ZrO, stabilized with 20 wt% alumina, that the num-
ber of Brgnsted acid sites reached a maximum for a sulfate
loading, ensuring near monolayer coverage. Gao et al. (8)
attributed the long-term activity of their most active SAZ
catalyst (3% Al,O3, 86% coverage) relative to SZ to the
higher amount of acid sites with differential heat of ammo-
nia adsorption between 125 and 140 kJ mol~*. Yaluris et al.
(53) found similar values for the acid sites responsible for
the long-term activity (“standard activity’”) of SZ catalysts.
In contrast, other authors observed a maximum of activity
for a SAZ catalyst with sulfate content corresponding to
35 SOf{ nm~2 (87.5% of a sulfate monolayer), without ap-
preciable difference of the Lewis and Brgnsted acidity with
respect to sulfated zirconia (23, 55). However, using a new
approach for the determination of the Brgnsted acid sites,
Olindo et al. (56) recently reported that a SAZ catalyst with
2.7 mol% Al,O3 contained twice as many Brgnsted sites
as nonpromoted sulfated zirconia. Note that in the studies
cited above, the maximum activity occurring for a surface
coverage near to monolayer is probably not fortuitous.

In this work, the higher intensity of the OH band at 3560—
3570 cm1, the greater amounts of adsorbed ammonia, and
the higher content and strength of the B acid sites of the pro-
moted catalysts relative to pure sulfated zirconia are in line
with both the higher (initial) activity of the former catalysts
and literature results (8, 56). However, the higher steady
conversion achieved over the coprecipitated catalysts com-
pared to those obtained by impregnation (Table 3a) can
hardly be accounted for by differences in acid contents
alone (Table 1) suggesting, in agreement with other authors
(28), that strong acidity is necessary but not sufficient to
account for the higher activity of the coprecipitated cata-
lystsand, as stressed earlier, differences of surface coverage
by sulfate species and fraction of the tetragonal structure
also need to be taken into account. As shown in Fig. 6a
and Table 3, the high initial conversion followed by steep
decrease in the first hour of reaction over the Pt-free cata-
lysts, mainly due to a rapid diminution of propane in the first
30 min of reaction, and also of C2 and i-C5 for the Al- and
Ga-modified zirconias, seems to involve very strong acid
sites which are rapidly lost. A similar result was related
by Gao et al. (8) to strong acid sites with differential heat
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of ammonia adsorption above 140 kJ mol~!. For Yaluris
et al. (53), the strong acidity would predominantly involve
Brgnsted sites (with heat of ammonia adsorption between
145 and 165 kJ mol~1), possibly associated with L sites ac-
counting for the “excess” (initial) activity. Recently, Katada
et al. (57) showed that the most active sulfated zirconias for
butane isomerization (with coverage by sulfate of about
90%, and differential adsorption enthalpies of ammonia of
160 kJ mol~1) contained both Bragnsted and Lewis acidities,
in a B/B + L ratio of about 0.2 (estimated from the inten-
sity of the characteristic IR bands of adsorbed pyridine, at
1545 cm~! for Py-B, and 1455 cm~! for Py-L). For those
authors, the simultaneous presence of B and L sites would
enhance the catalytic activity, possibly via a concerted ac-
tion of paired B and L sites, as proposed by Clearfield
et al. (58). (Note that a similar concerted effect or syner-
gism between B and L sites has also been advocated to
account for enhanced activities of zeolites.). This result ap-
pears in contradiction with the overwhelming presence of
Bransted sites as observed in this study by IR spectroscopy
of adsorbed ammonia. The different pretreatment condi-
tions adopted by the cited authors and possible overesti-
mation of the Lewis acidity by pyridine measurement, as
recently shown by Morterra et al. (59), may account for the
misfit between our results and those of Katada et al. (57).
So far, it is not clear whether the promoters contribute di-
rectly to the strong acidity or only indirectly by favoring
both the tetragonal structure and sulfate retention. Olindo
et al. (23) found that water was more difficult to remove
from Al-promoted catalysts compared with sulfated zir-
conia, an observation also made in this study. It could be
speculated that in highly dehydrated samples some resid-
ual water molecules strongly polarized on coordinatively
unsaturated Al and Ga ions could undergo partial dissoci-
ation, giving M—OH-type species and protons. Those extra
protons could form additional H3O* groups (accounting
for the higher B acid contents and the higher intensity of
the OH band at 3560 cm~'), and bisulfate species proposed
by several authors as the active species (e.g., 30, 58, 60).
The higher electronegativity of Ga vs Al would favor the
former one.

Skeletal isomerization of n-butane over SZ and Pt/SZ
catalysts may occur, according to the authors, mainly via
an intramolecular (e.g., 61, 62) or bimolecular mechanism.
Recent kinetic results over Pt/SZ catalysts favored the
second mechanism in which butenes (as impurity in the feed
or produced by dehydrogenation) react with a butyl car-
benium to form an i-C8* intermediate, followed by skele-
tal isomerization (hydride and methyl shift) and scission
in a butyl carbenium and i-C4 (63). A bimolecular mech-
anism was recently confirmed from experiments with *3C-
labelled n-butane over SZ catalyst (64). In parallel, cleavage
of i-C8 in equal amounts of C3 and i-C5 may also occur.
It has also been proposed that both mono- and bimolecular
mechanisms may compete, the one prevailing over the other
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one depending on the reaction conditions (presence of a
diluent gas, reaction temperature, etc.) (65-67).

The results obtained in this study (without and with plat-
inum) merely suggest a bimolecular pathway. The presence
of i-C5 among the reaction products for the Pt-free catalysts
implies a scission of part of the C8 intermediates at the early
stage of the reaction, namely, where the very strong acid
sites operate. The greater abundance of C3 over i-C5 (with
the latter being detected only within the first 5-30 min of
reaction) suggests that the reaction is probably more com-
plex, since simple cleavage of i-C8 intermediate should pro-
duce equal amounts of C3 and i-C5 throughout the reaction.
Further cracking of i-C5 in C2 and C3 cannot be excluded
although the C3/C2 ratio should be 2. Some authors sug-
gested that the increasing amounts of light products (C1-
C3) could be due to a cracking of butane (63), while other
authors suggested that C5 products could react with an
adsorbed carbenium ion to form C9 which, in turn, could
isomerize and crack in C3and C6 (53), with further cleavage
of C6in 2C3 (68). In this study, C6 was not identified among
the reaction products and the absence of methane allows
one to rule out a simple cracking of butane in C1 and C3.
Although the monomolecular mechanism cannot be re-
jected, the results suggest that i-C4 is mainly formed via
an oligomerization—isomerization—cracking pathway.

Platinum deposition decreased the initial conversion es-
pecially for the promoted catalysts. It also decreased the
deactivation rate of all catalysts, resulting in improved long-
term conversion (Fig. 6b and Table 3). These observations
are consistent with results reported over sulfated zirconias
(e.g., 6, 63, 69, 70). The improvement was relatively more
important for the nonpromoted Pt/SZ catalyst with a con-
version 2.6 times higer relative to that for SZ after 10 h
on stream. Addition of platinum transforms an essentially
acidic catalyst to a bifunctional one, where the metal func-
tion operates butane dehydrogenation-hydrogenation. Ac-
cording to Liu et al. (63), the butene consumed in a bimole-
cular mechanism would be continuously regenerated by
the presence of Pt with, as a result, higher conversion
and increased stability. The lower initial conversions of the
promoted catalysts seem to indicate that the very strong
acid sites responsible for the high initial values over the
platinum-free catalysts were less abundant (perhaps ab-
sent) in the Pt-loaded samples. Among possible causes
which can be suggested, it may well be that the water pro-
duced by the reduction of platinum at 250°C (estimated at
15 or 30 umol g%, according to the oxidation state of the
metal) is probably mostly retained on the strongly hygro-
scopic sulfate groups of the promoted catalysts and could
thus modify the nature (and/or strength) of the active sites.
As mentioned earlier, water was more difficult to remove
from promoted catalysts than from SZ, and as seen in
Table 1, the water content of the catalysts was directly re-
lated to the amount of sulfate. Alternatively, Liu et al. (63)
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showed that the initial isomerization rate and the deactiva-
tion rate significantly decreased when the concentration of
butene in the feed was reduced. Accordingly, in the pres-
ence of Pt, the lower initial conversions could be the result
of the rapid hydrogenation of butene impurities in the feed.
For the Ga-containing catalysts, Pt addition also suppressed
the particular behavior noticed over the Pt-free form for
a reason which still has to be clarified. Perhaps addition
of platinum would favor partial in situ reduction of Ga®*
to Ga* by spillover hydrogen on the metal particles (71),
hence reinforcing the dehydrogenation function and the
formation rate of the intermediates, although no experi-
mental evidence supporting this assumption can presently
be provided.

CONCLUSIONS

Promotion of sulfated zirconia with Al and Ga (3 mol%
as oxide) improved the efficiency and stability of sulfated
zirconias in n-butane isomerization, with a more substantial
effect when the promoter was introduced via coprecipita-
tion rather than by impregnation. Promotion enhanced the
stability of the tetragonal structure and the sulfate retention
of the solids with, as a result, an increase of strong Brgnsted
acid sites content with respect to nonpromoted sulfated zir-
conia. Fractions of tetragonal structure and sulfate densities
(or coverage) were found to play an essential role in the cat-
alysts activity. Strong acidity was necessary but not a main
condition. Ga was a more efficient promoter than Al when
introduced via coprecipitation. The best catalytic perfor-
mances were obtained over sulfated Ga-promoted zirconia
nearly free of monoclinic structure and with nearly mono-
layer sulfate coverage. Ga-promoted catalysts exhibited a
particular behavior in the course of the reaction for a rea-
son which is not fully clarified. In the absence of platinum,
the high conversion levels in the first period of the reaction
followed by a steep decrease suggested the intervention
of very strong acid sites which were rapidly lost. Platinum
addition significantly increased the overall n-butane con-
version of all catalysts, at some expense of the selectivity to
i-C4 due to enhanced hydrogenolysis—cracking reactions.
The presence of Pt also suppressed the steep activity loss of
the Ga-promoted catalysts.
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