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Abstract

In order to elucidate the influence of the crystal structure of zirconia on the properties of the metallic and acid function of Pt/SO4
2−-ZrO2,

catalysts with different zirconia crystal phases were synthesized, fully tetragonal, fully monoclinic, and with a mixture of the tetragonal and
monoclinic phases. Their catalytic properties were studied in the metal-catalyzed reaction of cyclohexane dehydrogenation (300◦C, 0.1 MPa,
WHSV = 10 h−1, H2/C6H12 = 30), the acid-catalyzed isomerization ofn-butane (350◦C, 0.1 MPa, WHSV= 1 h−1, H2/C4H10 = 6), and the
bifunctional hydroconversion ofn-octane (300◦C, 1.5 MPa, WHSV= 4 h−1, H2/C8H18 = 6). TPR, XRD and FTIR of chemisorbed CO were
also used in order to characterize the catalysts. The results showed a strong influence of the crystal phase on the activity of the acid function.
A less marked effect was found for the metal-catalyzed reaction. An opposite relation between the two functions was seen with respect to
this crystal structure influence. Among the sulfated catalysts, monoclinic Pt/SO4

2−-ZrO2 had the lowest activity inn-C4 isomerization and the
highest activity in cyclohexane dehydrogenation. Tetragonal Pt/SO4

2−-ZrO2 catalysts were the most active in isomerization ofn-butane. They
had the lowest activity in cyclohexane dehydrogenation and their metal properties were negligible. They were also the most active inn-C8

conversion, producing mainlyi-C4. Monoclinic catalysts had low cracking activity and produced mainly isooctane. Mixed phase catalysts had
an intermediate behavior.

While S poisoning of Pt was present as a uniform effect on all sulfated catalysts, the metal–acid behavior and the different Pt properties
could be explained by a metal–support interaction between tetragonal SO4

2−-ZrO2 and Pt. The Pt–support interaction was analyzed both with
a model of Pt particles encapsulation and a model of electron depletion. The electronic deficiency of Pt particles supported on SO4

2−-ZrO2

was evident in the shift of the IR bands of adsorbed CO. Further experimental work is however needed to get conclusive evidence about the
nature of the Pt–support interaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It has been reported in several papers that the presence
of a noble metal (Pt) greatly enhances the catalytic perfor-
mance of SO42−-ZrO2 catalysts (SZ) during the hydro con-
version ofn-alkanes[1,2], which are commonly carried out
in the presence of H2 to decrease the coking rate. In these
conditions, both the conversion and the selectivity increase
and the otherwise easily deactivated catalyst gets stability at
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a moderate H2/hydrocarbon ratio[3,4]. Pt/SO4
2−-ZrO2 cat-

alysts (Pt/SZ) have made their road into the refining industry
in the isomerization market niche[5–7]and research contin-
ues at industrial labs, trying to get improved catalyst formu-
lations based on the family of oxoanion promoted oxides. As
it happens sometimes in the process industry, catalysts have
been used while still lacking adequate models of the under-
lying phenomena related to the catalytic activity. The nature
of the active sites of SO42−-ZrO2 and WO3-ZrO2 acting in
the isomerization step, i.e. on the “acid” site, is still a matter
of debate. An even more intriguing point is that of the state
of Pt in Pt/SO4

2−-ZrO2 and Pt/WO3-ZrO2. Pt supported on
these materials has a negligible chemisorption capacity for
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probe gases (H2, CO) and other metal properties like hydro-
genation of C6 hydrocarbons are suppressed[8–10].

Though a crystal phase dependence of the catalytic ac-
tivity of sulfate-zirconia (SZ) catalysts in acid demanding
reactions, liken-butane isomerization, has previously been
reported[11–13], practically no studies have been published
on the Pt/SZ counterpart. An assessment of the influence
of the crystalline structure of SZ on the properties of the
supported metal (Pt) in Pt/SZ catalysts was performed in
this work. Pt containing SZ catalysts with different zirco-
nia crystal phases were synthesized: fully tetragonal (T),
fully monoclinic (M), and with a mixture of the previ-
ous (T+ M). Their catalytic properties were studied in the
metal-catalyzed reaction of cyclohexane dehydrogenation,
the acid-catalyzed isomerization ofn-butane, and the bifunc-
tional hydroisomerization-cracking ofn-octane. The results
found are discussed in terms of the currently available mod-
els that intend to explain the anomalous state of Pt.

The activity of the Pt/SO42−-ZrO2 catalysts for conver-
sion of n-octane, one case of bifunctional isomerization-
cracking of long chain linear alkanes, is specially studied.
Environmental restrictions have lately put a stress on refin-
ers for replacing high octane aromatics and MTBE of the
gasoline pool by other additives of similar high octane num-
ber. C8–C20 linear paraffins comprise a feedstock that can
be valorized by means of its conversion to a mixture of
shorter, branched, high RON alkanes that can be blended in
the gasoline pool. These branched alkanes not only add RON
points but also pose no environmental concern. In the early
eighties, Weitkamp[14,15] was one of the first to study the
isomerization and hydrocracking of C6–C15 normal alkanes.
After further research[16–19], it was clear that a suitable
catalyst had to provide both a good isomerizing activity and
a mild cracking activity. Due to their good selectivity to
isomers at relatively low temperatures, oxoanion promoted
zirconia catalysts, WO3-ZrO2 or SO4

2−-ZrO2, have lately
concentrated the attention in this field of research. Encour-
aging results have been reported for isomerization-cracking
of medium-length model paraffins and long (C16) paraffins
[20–22]. An assessment of the crystal-phase dependence of
the activity for this reaction is done in this work.

2. Experimental

2.1. Preparation of unsulfated supports

Zr(OH)4 (ZOH) was obtained by hydrolysis and precipi-
tation of zirconium oxychloride (Strem, 99.99%) with aque-
ous ammonia. The precipitate was rinsed with distilled wa-
ter and oven dried at 110◦C overnight. Fully monoclinic
zirconia (ZM) was synthesized with the method of Stichert
and Schüth[23]. A zirconia gel was precipitated at a fairly
acidic pH (5.6–6.4) and refluxed in its mother liquor for 20 h
at 150◦C. The gel was first vacuum dried and then calcined
at 400◦C in flowing air (10 ml min−1 g−1) to obtain mono-

clinic zirconia samples. Zirconia with expected mixed crys-
tal phase (M+T) was obtained by calcining ZOH at 620◦C
in air for 3 h (ZMT sample). Fully tetragonal zirconia sam-
ples were obtained from two sources. ZTSi was obtained by
calcining a silica doped zirconium hydroxide gel (ZOHSi
sample, MEL Chemicals, 3.5% fine silica doped) at 620◦C
for 3 h in flowing air (10 ml min−1 g−1). In order to check
the possible interference of the Si dopant, another sample
(ZT) was prepared by following the same synthesis method
of the ZM sample, but changing the pH of precipitation and
refluxing to slightly basic pH values (∼8.0).

2.2. Preparation of sulfated catalysts

The crystalline samples ZM, ZT, ZTSi and ZMT were im-
pregnated with H2SO4 (incipient wetness, Fluka, 2.0N so-
lution). The sulfate content was stabilized by calcination in
air (10 ml min−1 g−1) at 620◦C for 2 h. The thus obtained
catalysts were named S-ZM, S-ZT, S-ZTSi and S-ZMT. The
sign (-) is used to indicate that sulfation was performed over
crystalline materials, and to make a difference with other
ones sulfated in the amorphous state.

As it will be found out later in theSection 3, the cata-
lysts with a mixed phase prepared from crystalline zirconia
(S-ZMT) were not very suitable for correlating intermedi-
ate levels of catalytic activity with crystal phase content. To
sidestep this problem, catalysts with a mixture of phases of
varying T/M ratio and with a meaningful level of catalytic
activity were obtained by sulfating ZOH samples with dif-
ferent H2SO4 solutions of varying concentration, [H2SO4],
and by using different temperatures of calcination,Tc. The
SZ catalysts were thus synthesized. SZA: [H2SO4] = 0.5N,
Tc = 620◦C; SZB: [H2SO4] = 0.1N, Tc = 620◦C; SZC:
[H2SO4] = 2.0 N, Tc = 620◦C; and SZD: [H2SO4] =
2.0 N, Tc = 620◦C.

2.3. Pt catalysts

Pt was incorporated to some of the previous samples
by incipient wetness impregnation with chloroplatinic acid
(H2Cl6Pt·6H2O, Strem Chem., Pt= 37.5%). The concen-
tration and volume of the solution were adjusted in order to
obtain 1% Pt in the final solid. The samples were then oven
dried at 110◦C overnight and calcined under flowing air at
500◦C for 2 h. The Pt-loaded catalysts have the prefix “Pt”
before the name of the support, e.g. PtZM, PtS-ZMT, etc.

2.4. Characterization

Sulfur contents were measured in a LECO CS 444 Car-
bon Sulfur Analyzer using direct combustion/infrared detec-
tion. Hydrogen adsorption isotherms were taken in order to
measure the accessibility of the metal phase (Pt). First, sam-
ples were heated at 300◦C, reduced in H2 for 1 h and de-
gassed for 2 h. After cooling to room temperature, isotherms
of total and reversible hydrogen adsorption were obtained.
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The amount of chemisorbed hydrogen was obtained by sub-
tracting the two isotherms and the H/Pt ratio was calcu-
lated assuming dissociative adsorption of hydrogen on the
Pt atoms. For the specific surface area, the catalyst samples
were degassed at 200◦C for 2 h, and then nitrogen adsorp-
tion isotherms were taken at the temperature of liquid nitro-
gen. A Micromeritics 2100E equipment was used for both
measurements.

In order to obtain specimens suitable for transmission
electron microscopy studies, the particles were dispersed
on a copper grid covered by a carbon film. The samples
were observed in a Philips CM200 electron microscope op-
erating at 200 kV, with a point resolution of 0.19 nm. XRD
measurements were performed in a Shimadzu XD-1 diffrac-
tometer with Cu K� radiation filtered with Ni. Spectra were
recorded in the 20–65◦ 2Θ range and the scanning rate was
1.2◦ min−1. The presence of tetragonal (T) and monoclinic
(M) phases were distinguished from the reflections at 30.5
and 28◦, respectively. The percentage of T and M phase was
calculated with the procedure of Mercera et al.[24].

TPR tests were performed in an Ohkura TP2002 equipped
with a thermal conductivity detector. The samples were pre-
treated in situ by heating in Ar at 200◦C for 1 h before
each test. Then, they were heated from room temperature to
800◦C at 10◦C min−1 in a gas stream of 4.8% H2 in Ar.

FTIR spectra of pre-reduced, degassed samples were
taken at room temperature in a Nicolet 5ZDX spectrome-
ter, in the range 4800–400 cm−1 and with a resolution of
4 cm−1. Self supported wafers were successively reduced
in flowing hydrogen for (300◦C, 1 h) and outgassed at
10−6 Torr at 500◦C for 1 h. After recording the IR spectra,
the samples were cooled down to room temperature and
contacted with 30 Torr of CO for 10 min and then a new
spectrum was recorded. The absorbance of chemisorbed CO
was obtained by subtracting the blank from the spectrum of
the CO treated sample.

2.5. Catalytic tests

n-Butane isomerization was carried out in a fixed bed
quartz reactor operated under isothermal conditions (300◦C)
and atmospheric pressure. Reaction products were analyzed
by on-line chromatography using a stainless steel column
(1/8 in. o.d., 2 m) packed with 25% dimethylsulfolane on
Chromosorb P.n-C4 (99.99%) was supplied by AGA. The
reaction was performed in pulse mode due to the condi-
tions of very fast deactivation (pulse= 0.2 ml, 6 pulses h−1,
carrier= 10 ml N2 min−1, catalyst mass= 0.3 g) [25].

Cyclohexane (Merck 99.9%) dehydrogenation was per-
formed at 300◦C, 0.1 MPa, catalyst mass= 0.1 g, WHSV=
10 h−1 and H2/C6H12 = 30 (molar ratio). The reaction
products were analyzed by on-line chromatography using a
packed column (1/8 in. o.d., 2 m) with FFAP on Chromosorb
P.

In the hydroconversion ofn-octane (Carlo Erba RPA),
0.5 g of catalyst ground to 35–80 mesh were used in each

reaction test. A tubular reactor was used[17]and reaction
conditions were 300◦C, 1.5 MPa, WHSV= 4 h−1, molar
ratio H2/n-C8 = 6. Maximum time-on-stream was 6 h. From
chromatographic data,n-C8 conversion and yields to the
different products (on a carbon basis) were calculated.

3. Results

3.1. XRD, sorptometry, S content

Specific surface area and crystal structure data are in-
cluded inTable 1. The measured XRD spectra confirmed
the phase structure supposed for the crystalline sulfate-free
zirconias (ZM, ZT, ZTSi and ZMT). ZOH and ZOHSi, were
completely amorphous. No peak related to tetragonal zirco-
nia was found on ZM, which was completely monoclinic, and
no peak related to monoclinic zirconia was found on ZTSi
and ZT, which were completely tetragonal. Zirconia ZMT

was mainly monoclinic and had only a small percentage of
the T phase. Sulfated samples synthesized from crystalline
materials kept the original crystal phase. S-ZM was fully
monoclinic, S-ZT and S-ZTSi were fully tetragonal. S-ZMT

was mainly monoclinic with a small fraction of T phase.
Most SZ samples contained a mixture of the tetragonal

and monoclinic phases, like S-ZMT. The proportion of each
phase depended on the synthesis conditions (Table 1, Fig. 1).
A dominance of the T phase at higher concentration of
the sulfuric acid impregnating solution was found: SZC >

SZB > SZA. It has been previously reported that the con-
tent of T phase in sulfate doped zirconia gels fired at 600◦C
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Table 1
Textural properties of the samples

Sample [H2SO4] (mol l−1); Tc (◦C)a BET area (m2 g−1) Sulfur (wt.%) Crystal phase (vol.%)b

Hydroxide
ZOH –; 110 262.0 – Amorphous
ZOHSi –; 110 275.0 – Amorphous

Crystalline
ZM –; 400 52.0 – M(100%)
ZMT –; 620 37.0 – M(82%), T(18%)
ZT –; 400 59.5 – T(100%)
ZTSi –; 620 68.0 – T(100%)

Sulfated crystalline
S-ZM 2; 620 50.0 0.45 M (100%)
S-ZT 2; 620 56.4 0.50 T (100%)
S-ZMT 2; 620 33.0 0.38 M (77%), T (23%)
S-ZTSi 2; 620 63.0 0.69 T (100%)

Sulfated amorphous
SZSi 2; 620 121.0 1.70 T (100%)
SZA 0.5; 620 47.0 0.55 M (78%), T (22%)
SZB 1; 620 53.0 0.83 M (62%), T (38%)
SZC 2; 620 110.0 1.51 T (100%)
SZD 2; 750 71.0 1.02 M (56%), T (44%)

a [H2SO4]: concentration of the sulfating solution;Tc: calcination temperature.
b T: tetragonal; M: monoclinic.

increases with the amount of sulfate added to the hydroxide
gel[26]. SZC (sulfate doped) was fully tetragonal but it had a
lower crystallinity than ZTSi (96% crystalline, silica doped),
indicating that sulfate is a more effective retardant of crystal
growth than silica. SZD, calcined at 750◦C, had a consid-
erable amount of monoclinic. The tetragonal-to-monoclinic
transition is accompanied with sintering and surface area
decrease, and in the case of SO4

2−-ZrO2 catalysts it is as-
sociated to the loss of sulfate at temperatures higher than
700◦C. Loss of the stabilizing ion enables the transition from
metastable tetragonal to thermodynamically stable mono-
clinic zirconia [27,28]. Sintering during this transition is a
reason why the surface area of SZD was lower than that of
SZC. The area of SZD is still higher than SZA or SZB, but
this is a consequence of the lower concentration of H2SO4
used in the impregnation of the latter. ZOHSi after sulfa-
tion and calcination (SZSi) had a higher surface area and a
lower crystallinity than SZC. This is the result of the com-
bined effect of silica and sulfate in retarding the sintering
and crystallization phenomena. Of the two dopants, silica
and sulfate, the latter had the highest stabilization effect
when impregnated from a 2N solution, as it can be seen from
the comparison of the surface areas: ZTSi < SZC,ZTSi <

SZD.
If we consider that all the sulfur is present on the surface,

the calculation of the sulfur surface density after calcination
at 600◦C indicates that all samples had a surface density of
δ = 1.6–2.9 S/nm2. On average, this is about half a theo-
retical monolayer (δ = 2 S/nm2), in accord with previously
reported values for sulfated zirconia materials with different
contents of the T phase[29].

3.2. H2 chemisorption

The chemisorption of hydrogen on Pt (seeTable 2) var-
ied markedly depending on the presence of sulfate. Unsul-
fated materials had the highest adsorption capacity (H/Pt=
0.16–0.25) while sulfated materials had much lower val-
ues (H/Pt= 0.0–0.049). The lowest value was displayed
by PtS-ZT, PtS-ZTSi and PtSZC (H/Pt = 0.0005–0.001).
Among the sulfated materials PtSZD and PtS-ZM had the
highest adsorption capacities (H/Pt= 0.04–0.049).

In the case of the unsulfated materials, PtZM displayed the
highest accessibility of Pt by hydrogen (H/Pt= 0.25), while
the zirconia samples containing the tetragonal phase had a
lower value (0.16–0.23 H/Pt). The capacity for hydrogen
chemisorption of these crystalline samples was reduced by
sulfate addition but in a different degree in each case. In
the case of the mainly monoclinic samples, SZM and SZMT,
the reduction was 82–83%. For the other fully tetragonal
materials, SZT and SZTSi, the reduction was much more
drastic, 99.4%.

3.3. Transmission electron microscopy

Several micrographs were taken of the PtSZA, PtSZB,
PtSZC, PtSZD and PtSZT catalysts. The size of the Pt parti-
cles was measured manually from the micrographs until data
sets of 300–500 particles were collected. The main statisti-
cal parameters of the distributions are included inTable 1.
The dispersion was poor and about 8–10% for the catalysts
of the PtSZ series (A–D). These catalysts had Pt particles
with an average diameter of 10–12 nm and with a relatively
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Table 2
Hydrogen chemisorption (room temperature)

Sample 100 H/Pt TEM CH dehydrogenation

Da (%) dm
b (nm) σc (nm) Benzene yield (%) TONd (mol Bz Pt−1)

PtZM 25.1 – – – 35.7 0.091
PtZMT 17.8 – – – 37.5 0.135
PtZT 23.0 – – – 41.6 0.115
PtZTSi 16.1 – – – 53.8 0.214
PtS-ZM 4.4 – – – 15.1 0.22
PtS-ZMT 3.0 – – – 15.1 0.22
PtS-ZT 0.15 4.5 20.90 22.04 14.4 6.14
PtS-ZTSi 0.1 – – – 7.7 4.93
PtSZA 2.0 9.7 9.66 10.01 16.4 0.525
PtSZB 1.7 9.3 10.11 9.23 7.3 0.275
PtSZC 0.05 7.6 12.35 12.92 2.4 3.08
PtSZD 4.9 8.0 11.72 13.44 30.3 0.40

TEM results. Cyclohexane conversion to benzene (300◦C, 1 atm) over the Pt-loaded samples (activity at 1 h time-on-stream).
a Dispersion as calculated with TEM data and assuming cubic geometry.D = 5ρSVa/dm, ρS = 12.5 Pt atoms nm−2, Va = 0.0151 nm3 Pt per atom,

D = 0.94/dm.
b Mean diameter,

∑
fidi, i = 1, . . . , N (N: total number of particles).

c Standard deviation of the distribution,σ = ((
∑

(dm − di)
2)/(N − 1))0.5, i = 1, . . . , N.

d Activity per unit of “accessible” Pt atom. Accessibility is that measured by H2 chemisorption.

wide size distribution (σ, 10–13 nm). PtSZT had the low-
est dispersion, about 5%, and the widest distribution (σ =
22 nm).The poor dispersion must be related to the Pt im-
pregnation method used. The Pt precursor was a [PtCl6]2−
anion which is electrostatically repelled from the surface of
sulfate-zirconia which has a zero-point-of-charge (ZPC) at
pH 2 and develops a high negative surface charge at higher
pH values[30], like those present in dilute chloroplatinic
acid solutions. During the evaporation of the solvent, Pt
species might nucleate or oligomerize between themselves
due to the temperature and the low affinity for the surface.

3.4. Cyclohexane dehydrogenation

In most cases, benzene was the only compound formed
(selectivity 100%) but in some cases some minor amounts
of methyl cyclopentane (<5% selectivity) coming from the
ring contraction of cyclohexane on the acid function also ap-
peared. Only, the conversion values related to the formation
of benzene on the metal function are included inTable 2. As
in the case of the results of hydrogen chemisorption, a big
difference between sulfated and unsulfated materials can be
seen. The conversion of cyclohexane to benzene on unsul-
fated samples was 36–54% regardless of the structure of the
support, indicating that the Pt metal function was working
properly and there were no important deactivating factors
present. PtZTSi had the highest activity in spite of having
the lowest dispersion and this could be a beneficial effect of
the Si dopant.

In the case of the sulfated samples, the activity in cy-
clohexane dehydrogenation was smaller, less than one-half
that of the unsulfated samples. There seems to be a trend
of declining dehydrogenating capacity with the increase
of percentage of T structure, i.e. the order of activity is:

S-ZM > S-ZMT > S-ZT and SZA > SZB > SZC. In the
case of the SZD sample, the dehydrogenating capacity is one
of the highest ones. This result might be the consequence
of both the loss of sulfate and conversion to the monoclinic
phase. The sulfur content of SZD is lower than that of
SZC because a high amount of sulfate was decomposed at
750◦C. No XPS data was available to see how much of
the sulfate lost came from the surface or the bulk. We sup-
pose that an important amount was surface sulfate because
SZD had an important increase in the volume content of
the monoclinic phase. Srinivasan et al.[31] have postulated
that the presence of sulfate bridges over surface oxygen va-
cancies are the cause of the stabilization of the metastable
tetragonal phase of zirconia and that the loss of this surface
sulfate triggers the tetragonal-to-monoclinic transition.

When we compare the TON values, we can see that there
are three groups fairly well defined. Those catalysts with
normal H accessibility (100 H/Pt> 10), i.e. the catalysts
without sulfate, have TON values of 0.09–0.21 mol Pt−1.
The catalysts with low H accessibility (1< 100 H/Pt < 10),
i.e. mixed phase (T+ M) sulfated catalysts PtSZA, PtSZB,
PtSZD and PtSZMT, and monoclinic Pt-SZM, have TON val-
ues of 0.22–0.6 mol Pt−1. Finally, those catalysts with very
low H accessibility (100 H/Pt< 1), i.e. the sulfated fully
tetragonal PtS-ZT, PtS-ZTSi and PtSZC, have TON values
of 3–6 mol Pt−1. This high value of TON is difficult to ex-
plain and must be related to an abnormal state of Pt when
supported on SO42−-ZrO2. Vannice [32] has pointed out
that TON values of metal-catalyzed reactions occurring on
metal particles suffering from strong metal–support interac-
tion should be handled with care. Most likely cyclohexane
dehydrogenation is performed over a higher amount of Pt
surface sites than those titrated in the static chemisorption
tests. Rajeshwer et al.[33] have noted that H chemisorption
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Fig. 2. TPR tests: (a) Pt over unsulfated zirconia (PtZ); (b) Pt over zirconia sulfated in the crystalline state (PtS-ZM and PtS-ZT); and (c) Pt over zirconia
sulfated in the amorphous state (PtSZ).

is quite a sensitive property and that the reaction becomes
activated when Pt ensembles are perturbed. In their case, the
presence of Sn atoms diminished the amount of chemisorbed
hydrogen. The amount of H chemisorbed augmented when
the temperature was raised.

3.5. Temperature-programmed reduction

We have seen that the dehydrogenation capacity of the
metal was practically not influenced by the crystal phase in
the case of the non-sulfated catalysts and the same happened
with the metal accessibility as measured by H chemisorption.
Pt reducibility however seemed to be influenced by the crys-
tal phase of the support. The TPR results of sulfur-free cat-
alysts displayed two different and very definite peaks on the
samples, one at a low temperature (150–160◦C) and another
at a higher temperature (200–220◦C) (Fig. 2a). The presence
of two kind of Pt species of different reducibility cannot be
attributed to differences in dispersion because the sulfur-free
catalysts had no big differences in H/Pt chemisorption val-
ues, especially in the case of the PtZM and PtZT catalysts.
For this reason the differences in reducibility could be re-
lated to the interaction of the Pt particles with domains of
the zirconia support of different crystal and surface prop-
erties. The high temperature peak was attributed to the re-
duction of Pt particles of lower reducibility supported over
tetragonal crystallites with a closely packed eight-fold coor-
dination of the Zr lattice. The low temperature peak was at-
tributed to the reduction of Pt particles of higher reducibility
which were supported over monoclinic crystallites with Zr
surface cations of seven-fold coordination. These assump-
tions can be readily be confirmed by inspection of the TPR
plots of PtZM and PtZTSi, which have only one crystal type
and only one kind of TPR peak present. In the case of PtZT

and PtZMT, these catalysts had both types of peaks present,
though the low temperature peak in the case of PtZT was
very small (<5% total area) and was shifted to 130◦C. Pt

on ZMT was mainly reduced at 200–220◦C and about 40%
was reduced at 150–160◦C. This sample had been shown to
be mainly monoclinic by XRD inspection. The bigger size
of the high temperature peak, associated to Pt on tetrago-
nal crystals, might pose an apparent discrepancy but could
be explained by supposing either a preferential deposition
of Pt over ZT or a greater contribution of tetragonal crystals
to the total area due to the presence of small high surface
area tetragonal crystallites. It was early reported[34] that
the tetragonal phase is stabilized in very small crystallites
due to the higher surface energy of monoclinic zirconia.

In the case of the TPR plots of Pt supported over sulfated
zirconia (Fig. 2b) while the shift in the peak of Pt reduction
to higher temperatures in the case of the tetragonal sample is
also present, there is another small shift and a different size
of the main peak of sulfate reduction. These differences are
due to the smaller area of S-ZM and the associated smaller
sulfur content.

In the case of the TPR plots of Pt supported over sulfated
zirconia,Fig. 2c, we can distinguish two main peaks. The
small peak at 100–300◦C is seemingly due to the reduction
of Pt while the peak at 350–650◦C is due to the reduction
of surface sulfate groups.

The plots ofFig. 2ccorrespond to reduction experiments
performed with materials sulfated in the amorphous state
with different sulfuric acid concentrations and calcined at
different temperatures. The areas of the main peak of sulfate
reduction correlate with the sulfur content of the catalysts.
The catalysts treated with a higher sulfuric acid concentra-
tion have a bigger area, when the temperature of calcina-
tion is the same (SZA < SZB < SZC). The relative size of
the sulfate reduction peak also indicates that the amount of
sulfate decreases for a given concentration (2.0N) when the
temperature of calcination increases (SZC > SZD).

The zone of Pt reduction for the group of sulfated cata-
lysts is located at 100–250◦C. For PtSZB and PtSZC, the Pt
reduction peak is located at about 200◦C while for PtSZA
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Fig. 3. Isomerization ofn-butane (pure, undiluted). Average of first 30
pulses.

and PtSZD the reduction peak is located at 100–150◦C. We
can see that the samples with a high content of T phase show
the higher shifts: SZC, SZB > SZD, SZA.

3.6. n-Butane isomerization

Some samples showed high initial conversion values but
their activity dropped sharply after the first pulses. For this
reason, it seemed convenient to take an average of the con-
version of the first 30 pulses as a measure of the activity
level. Results of isobutane yield for all catalysts are included
in Fig. 3. In the case of the Pt-free catalysts, activity was
maximum for the S-ZT sample, with an average conversion
of 20% and an average selectivity toi-C4 of 82% (16%
yield). Deactivation was fast and the conversion dropped to
about 13% the initial value in the 30th pulse (1st pulse=
68%, 30th pulse= 9%). S-ZM had a negligible activity (1%
conversion) and a medium selectivity (40%). In the case of
S-ZMT, the average conversion was about 3% while the se-
lectivity was only 32%.

The results corresponding to the Pt-loaded catalysts can
also be found inFig. 3. The unsulfated catalysts showed a
cracking activity attributed to the metal function and their
selectivity to isomers was very low (10–16%), much lower
than that of their sulfated counterparts, indicating that sulfate
is needed for the presence of a reaction pathway leading to
skeletal branching.. Their yield of isobutane was overall low
(about 1.3%).

In the case of the catalysts which were sulfated after their
calcination (crystalline supports), the activity was maximum
for the catalysts with tetragonal structure and the reactiv-
ity order was opposite to that found in the case of cyclo-
hexane dehydrogenation: PtS-ZM < PtS-ZMT < PtS-ZT ≈
PtS-ZTSi. From left to right, both the selectivity and the con-
version increase (conversion: 1.5–8%; selectivity: 20–64%).
The catalysts sulfated in the state of amorphous gel (PtSZ
series) had both high conversion and selectivity values (12.5
and 62.6% on average), though their activity was lower than

that of S-ZT. Inside the series, the activity increased from
A to C and then dropped from C to D. This pattern fol-
lows approximately the variations of sulfate concentration
on the final catalyst and the ratio (yield of isobutane/sulfur
%) varies in a fairly narrow band of 6.4–10.4. This correla-
tion between sulfate content and activity can only be found
in this series of catalysts because they all have an important
amount of tetragonal active phase.

3.7. Hydroconversion of n-octane

Cyclohexane dehydrogenation is a strictly metal catalyzed
reaction andn-butane isomerization an acid catalyzed one.
Apart from being a reaction of interest in this work, the
results ofn-octane hydroisomerization help in elucidating
the contribution of the metal and acid functions because the
reaction can proceed by an acid-catalyzed monofunctional
pathway or a bifunctional metal–acid catalyzed one[35].
The results of this test are shown inFigs. 4 and 5.

The conversion drops severely in the case of the Pt-free
catalysts (Fig. 4a) due to deactivation by coking. This activ-
ity drop is specially noticeable in the case of the catalysts
with higher activity, SZSi and SZC, which lose 80% of their
initial activity after 1 h of time-on-stream.

In the case of the Pt-loaded catalysts, conversion was high
for the PtS-ZT, PtSZC and PtSZSi fully tetragonal catalysts
and it was highest for those impregnated in the amorphous
state, PtSZC and PtSZSi. Olefin formation on Pt particles
must have been very low, as revealed by the test of cyclohex-
ane dehydrogenation, but the amount of olefins formed must
have been enough to form a sizable pool that enables the on-
set of a bifunctional mechanism. The presence of a bifunc-
tional mechanism in the case of the Pt and sulfate-loaded cat-
alysts can be acknowledged on the basis of the great increase
in the level of activity with respect to the sulfate-loaded,
Pt-free samples. The metal activity, though highly depressed,
was also enough for producing activated hydrogen, neces-
sary for hydrogenating coke precursors and keeping a stable
conversion level.

The activity was almost negligible for the fully monoclinic
samples. In the case of the PtSZ catalysts series, the activity
order found was: PtSZA < PtSZB < PtSZD < PtSZC. For
these catalysts, this is also the order of increasing sulfur
content and increasing T phase content.

Fig. 5 contains data of total conversion and yield to indi-
vidual isomers. The most active catalysts, PtSZC and PtSZSi,
display the minimum yield of isooctane and the maximum
yield of isobutane. The conversion level and the selectivity
pattern of PtSZD and PtS-ZT are also similar. Theiri-C4 and
i-C8 yields are almost equal Comparing with PtSZC and Pt-
SZSi it can be seen that the decrease in the yield ofi-C4–7
is accompanied by an increase in the yield ofi-C8 and vice
versa.

The selectivity to isooctane grows with conversion and the
opposite occurs with the selectivity to isobutane. The isomer
distribution seems to be uniquely a function of conversion, as
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Fig. 4. Activity in hydroisomerization-cracking ofn-octane: (a) Pt-free catalysts and (b) Pt-containing catalysts.

is often the case for hydroconversion over a series of similar
catalysts having sufficient acid and metal functionality.

3.8. FTIR

Spectra of the catalysts after reduction and before CO
adsorption in the wave number range between 1200 and
3800 cm−1 are shown inFig. 6. It is known that the mod-
ification of ZrO2 with sulfate ions substantially increases
the acidic properties of this oxide[36]. In the case of
the νOH stretching range, 3000–3850 cm−1, vibrations due
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tion-cracking ofn-octane. Pt-containing catalysts. Time-on-stream= 6 h.

to tri-coordinated OH (3630–3720 cm−1), di-coordinated
OH (3740–3770 cm−1) and mono-coordinated OH (3780–
3810 cm−1) have been identified on zirconia[37,38]. All
the supports had an important amount of tri-coordinated
OH groups. The amount of di-coordinated OH groups was
important only in the case of the ZT and SZT samples.

Fig. 6. IR spectra (samples evacuated to a level of 10−6 mmHg residual
pressure).
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Tri-coordinated OH groups were dominant on the zirconia
gel sample (ZOH, not shown) and on the monoclinic sam-
ples. Upon sulfation and calcination, the amount of OH
groups decreases and a new band at 1390 cm−1 due to the
vibration of covalent sulfate groups on a highly dehydrated
surface appears[39,40]. The data ofFig. 6 indicates that the
final distribution of OH coordination groups on the sulfated
catalysts was different depending on the sample, but in
most cases tri-coordinated OH groups prevailed. In the case
of the most active catalysts, which were fully tetragonal
and had a comparable level of conversion in then-C4 and
n-C8 tests, i.e. the PtSZC, PtS-ZT and PtSZSi samples, the
di/tri-coordinated ratio was either practically zero, close to
unity or higher than one. This lack of correlation between ac-
tivity of sulfated-zirconia and abundance of different coordi-
nation families of OH groups has been recently stressed[41].

The IR spectra of CO adsorbed on both series of re-
duced catalysts had three absorption bands in the region
of CO stretching vibrations: a high frequency band corre-
sponding to CO complexes with Lewis acid sites (νCO =
2190–2200 cm−1) [42], a broad band corresponding to lin-
ear adsorption of CO on Pt (νCO = 2070–2094 cm−1) and
a low frequency band located atνCO = 1855 cm−1 corre-
sponding to bridge adsorption of CO on Pt[43,44]. When
the catalysts are sulfated the area of the this band due to
Lewis acid sites is increased and the frequency of the peak
is shifted to higher frequency values. At about the same fre-
quency, oxidized samples of PtSZ have an absorption band
characteristic of CO complexes with Pt2+ ions[43,44]. This
band might not be present in our case because our catalysts
were previously reduced at 300◦C.

The band with a maximum atνCO = 2074–2094 cm−1

is broad and corresponds to CO linearly adsorbed on Pt.
Deconvolution of this broad absorption band allows distin-
guishing several elemental bands. The elemental band at
2120 cm−1 can be assigned to the vibrations of CO adsorbed
on Ptδ+, an electron deficient Pt[44]. This band is small

Fig. 7. IR spectra of CO species adsorbed on Pt supported over sulfated and unsulfated zirconia.

on PtZM and even smaller on PtZT. Upon addition of sul-
fate this band increases, and to a greater extent on PtS-ZT

than on PtS-ZM. The elemental band at 2140–2150 cm−1

can be ascribed to Pt+ [29,43,44], which is present only on
the tetragonal materials sulfated in the amorphous state.

The deconvoluted great absorption band at 2070–2094 cm−1

can be assigned to CO adsorbed on Pt0 [36]. Strictly the ox-
idation state is not zero because there is a shift of the band
towards higher frequencies, compared to Pt0 supported on
inert supports. For all catalysts, this Pt0 band is the largest,
which should indicate that a great part of Pt is in the metallic
state. This conclusion does not agree with the low hydrogen
chemisorption on these materials. The reason must be the
electron deficient character of this Pt. An absorption band
at 2049–2064 cm−1 appears on all the catalysts. This low
frequency band was very small in the IR spectra of Ivanov
and Kustov[44] and was not considered by these authors.
The band produces a tail in the low frequency range and
seems to be the envelope of several lower bands. In this
sense this band could be the envelope of bands due to linear
CO adsorbed on Pt0 of crystals of smaller size[45].

In the case of the sulfate-free samples, there exists a differ-
ent position of the CO band at 2070–2094 cm−1 when Pt is
supported on tetragonal zirconia (PtZT) or monoclinic zirco-
nia (PtZM). This band is positioned at a higher frequency in
the PtZM sample. Shifts in the frequency of adsorbed species
are expected to be found because of the different nature of
the monoclinic (M) and tetragonal (T) surfaces. The effec-
tive Mulliken charge (in units of electrons) of bulk O and Zr
atoms in T and M zirconia is very similar: Zr= 2.05 and
O = 6.97 in zirconia T and Zr= 2.09 and O= 6.95 in zirco-
nia M [46]. However, zirconia M has a higher surface energy
(σM = 1130 ergs/cm2, σT = 770 ergs/cm2) than zirconia T
[34]. Zirconia T, with a coordination number of 8, is more
densely packed than zirconia M, which is seven-fold coor-
dinated, and should have less shielded surface Zr cations.
An inspection of the bands at 2191–2196 cm−1 of Fig. 7 for
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ZT and ZM shows that the area of the band is almost negli-
gible for PtZT and quite significant for PtZM, indicating the
presence of strong Lewis sites on ZM. The interaction of zir-
conia M with Pt particles seems to produce some electron
depletion as evidenced by the shift of the CO adsorption
peak (2070–2090 cm−1) relative to zirconia T. The effect is
smeared upon sulfation of the samples. Sulfation itself pro-
duces a bigger shift of the CO/Pt0 band to 2090–2094 cm−1

and increases the size of the CO/(Lewis acid site) bands on
both T and M samples to comparable sizes while shifting
their position to 2196–2197 cm−1.

The former analysis of the IR spectra indicates a change in
the electronic state of Pt. In all cases, there is a shift toward
higher frequencies which is assigned to the adsorption of
CO over electron deficient Pt. In the case of tetragonal ZrO2
sulfated in the amorphous state, three forms of Pt (Pt+, Pt�+
and Pt0) can co-exist on the surface of sulfated zirconia,
according to the electronic transfer from Pt to the support.
It seems that Pt has both heterogeneity in electronic density
and in particle size. TEM data indeed indicated that SZA,
SZB, SZC, SZD and S-ZT had a broad distribution of particle
sizes (σ = 9–22 nm). Most probably, the different bands are
a consequence of the size of the particle and its position on
the support.

4. Discussion

Recently, we have reported a significant influence of the
crystalline structure of ZrO2 on the metallic properties of
Pt, when supported on WO3-ZrO2 [47]. Pt supported on
tungsten-doped tetragonal zirconia lost its metallic proper-
ties while when supported on monoclinic zirconia it had
good metal activity. WO43− deposited over amorphous
Zr(OH)4 generated after calcination an active material
for n-butane isomerization. The larger the fraction of the
tetragonal phase of zirconia in this material, the higher the
isomerization activity and the lower the dehydrogenation
activity. The results of the present work with SO4

2−-ZrO2
confirm this general trend.

There is a decrease in metal properties common to all
the catalysts which might be attributable to sulfur poison-
ing. If a comparison is made between the catalysts while
trying to subtract this effect, we can see that there still ex-
ist differences between the Pt particles supported on M and
T samples. In the case of the chemisorption of hydrogen,
the adsorption capacity is decreased to 3–5% on the mono-
clinic and mixed phase catalysts, while on the fully tetrag-
onal catalysts the adsorption drops to less than 0.2%. The
benzene yield on these T catalysts (S-ZT, S-ZTSi, SZC) also
decreases with respect to their monoclinic and mixed phase
counterparts. The decrease in the yield is however not so
sharp and as a result the TON values for the cyclohexane re-
action on these catalysts take abnormally high values. Com-
pletely different effects are seen in the case ofn-butane iso-
merization. The catalysts having the lower yields of ben-

zene, the fully tetragonal ones, now have the higher yields
of isobutane. Monoclinic catalysts are inactive and mixed
phase catalysts (S-ZMT, SZA, SZB, SZD) have an interme-
diate activity level. Similar results are found in the case of
the n-octane reaction. Fully tetragonal catalysts display the
highest conversion values and the highest yields of isobu-
tane, while the activity gradually decreases following ap-
proximately the order of decreasing tetragonality (Fig. 6):
SZTSi > SZC > SZD, S-ZT > SZB > SZA > SZM. In the
case of the CO adsorption experiments, the tetragonal sam-
ples sulfated in the amorphous state have Pt particles in the
highest electron deficient state, showing bands of Pt+ and
Pt�+, and intensity-decreased bands of Pt0. The samples sul-
fated in the crystalline state lack the band due to Pt+, while
the Ptδ+ band is bigger and of higher frequency on the fully
T sample (S-ZT).

The current results add to the currently accumulated em-
pirical evidence indicating that the combination of the tetrag-
onal phase and the presence of electronegative oxoanions
that promote the activity in acid-catalyzed reactions, inhibits
the metal activity of supported Pt. It is worth noting that
none of the models trying to explain the anomalous state of
Pt have taken these facts into account. A revision of these
models follows.

The formation of a stable PtOx phase on the surface of
Pt particles has been suggested by some authors[48]. The
model tried to reconcile results related to the detection of
both oxidized Pt (by TPR, H2 chemisorption, XPS) and
metallic Pt (by XRD). EXAFS results were interpreted as
coming from 20% surface cationic Pt (like PtO) and 80%
bulk metallic Pt0.

Sulfur poisoning was the first hypotheses early posed by
some authors. Paál and co-workers stated that Pt was sulfided
after activation of Pt/SO42−-ZrO2 [49] and Iglesia et al.[50]
proposed that Pt was present as a metal sulfide. More re-
cently, Xu and Sachtler[51] have suggested that H2S formed
in the presence of H2 and Pt poisons the Pt particles.

An electronic effect due to adsorbed species (H+) has also
been posed. Ivanov and Kustov[44] reported shifts in the
infrared bands of CO complexes adsorbed on Pt when the
metal was deposited on SZ. These shifts were related to the
formation of electron deficient Pt�+ on SZ. Electron deple-
tion was addressed to acidic delocalized protons interacting
with the surface of Pt.

The above described models do not take into account ex-
plicitly the crystal phase of the support and cannot be mod-
ified to include it in an easy way. Other models must be
considered if the results obtained in this work are to be ra-
tionalized. Paál and co-workers[52,53]suggested that in the
case of Pt/SO42−-ZrO2 catalysts the Pt particles are buried
in the first layers of the ZrO2 support. Though formation
of ZrO2 overlayers is hardly reported in the literature[54],
the model was supported on results of ion scattering spectra
(ISS) of fresh and calcined Pt/SO4

2−-Zr(OH)4. The ISS Pt
peak disappeared after calcination. It is however difficult to
reconcile our results with the idea of Pt encapsulation. In all
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our catalysts, Pt was incorporated over an already crystalline
support and therefore migration of suboxide species could
only occur during activation of the metal function and dur-
ing the test (chemisorption, reaction) itself. Encapsulation
during crystallization of the gel, as it could be the case with
the catalysts of refs.[52,53] is ruled out in our case. Ana-
lyzing the data ofTable 1, we see that there were practically
no differences in Pt accessibility in the group of sulfur-free
catalysts irrespective of the phase of the support. Moreover,
in order to explain the differences in H chemisorption, it
should be accepted that encapsulation occurs preferentially
on tetragonal catalysts and in the presence of sulfate. If
we finally turn our attention to the IR results, we see that
the CO bands of Pt0 rather than disappearing, are only de-
creased, and that new bands of cationic Pt appear, results
which are difficult to explain on the basis of encapsulation
of Pt.

An electronic model could be considered suitable if some
dependence on the crystal phase were included in it. The IR
results undoubtedly indicate that an electron deficiency of
the Pt particles appear when the catalyst is sulfated and that
this deficiency is enhanced when the support is tetragonal. In
some cases, not only the Pt�+ band is increased and shifted to
higher frequencies (as in PtS-ZT) but also a band of cationic
Pt+ appears (PtSZC, PTS-ZTSi). IR and H chemisorption
results could be explained if we accept that sulfate groups
deplete from electrons the surroundings of Pt particles and
that electrons in Pt move to the zirconia interface due to an
induction effect, leaving some particles in a polarized state
and others in a cationic state. This electronic effect would be
enhanced on tetragonal zirconia and a possible explanation
follows.

We have recently proposed[41] that anionic vacancies
(VO•, VO••) in active SO4

2−-Zr(OH)4 catalysts produce
the stabilization of the tetragonal phase by lowering the av-
erage coordination number of Zr, and also contribute to the
appearance ofn-type conductivity by narrowing the band
gap of the oxide. Such defects would be absent in mono-
clinic catalysts. It is also known thatn-type oxides can pro-
duce surface electronic interactions through their conduction
band. In this sense, electron depletion by electronegative
sulfate (or tungstate) groups it is expected to occur through
the Pt–support interface of non-stoichiometric (tetragonal)
zirconia. Though this model of electron depletion can ac-
commodate the experimental results it is difficult to verify
without the completion of specialized tests.

5. Conclusions

The anomalous state of Pt in Pt/SO4
2−-ZrO2 catalysts

(negligible chemisorption of H2, poor dehydrogenating
properties, shift in TPR peak, positively charged by IR)
while being always present when the zirconia support is
sulfated, it is enhanced when the crystal phase of the cata-
lyst is tetragonal. In the absence of sulfate, the interaction

between Pt and the support is much lower and practically
no abnormal properties are detected.

Monoclinic Pt/SO4
2−-ZrO2 catalysts, had low activity in

n-butane isomerization and had high activity in cyclohexane
dehydrogenation. Tetragonal catalysts were the most active
in n-butane isomerization and had the lowest activity in cy-
clohexane dehydrogenation. Mixed phase catalysts had an
intermediate behavior. The low metal activity of Pt is enough
in the case of the reaction ofn-octane hydroisomerization,
and a bifunctional mechanism with a good level of conver-
sion and stability is found.

While strong sulfur poisoning of Pt seems undoubtedly
present in the sulfated zirconia catalysts, the results related to
the varying metal properties are better explained if a strong,
crystal phase dependant, metal–support interaction is sup-
posed to be present. This interaction, which would be es-
pecially strong in tetragonal Pt/SO4

2−-ZrO2 catalysts was
tried to be rationalized both with a model of encapsulation of
Pt particles and with a model of depletion of electrons from
the zirconia interphase. The electrodeficiency of Pt detected
in the IR experiments and the differences in chemisorption
found in our catalysts are difficult to explain with the first
model. In the case of the second model, electron withdrawal
from the zirconia interphase would be enhanced in tetrag-
onal zirconia due to the induction of electronegative sul-
fate through the conduction band of the support. This model
seems to explain the results better but an adequate assess-
ment of charge transfer phenomena in the bulk and surface
of sulfated zirconia is still lacking.
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