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Abstract

Ž .A series of Ni-promoted sulfated zirconia catalysts with different nickel concentration from 1 to 9.6 wt.% were
prepared by incipient wetness method. Ni and SO2y promoters were co-impregnated to a parent zirconium hydroxide by a4

Ž .solution of Ni NO P6H O in H SO . After calcination at 948 K, the solids isomerized n-butane at 338 K. Up to 4.5 wt.%3 2 2 2 4

Ni content, nickel increases activity of ZrO –SO2y, afterwards, the catalytic activity decreases. The temperature-pro-2 4
Ž .grammed desorption of ammonia TPD-NH and IR of pyridine adsorbed results show that enhanced activity cannot be3

completely explained in function of a higher acid strength. The increase of the isomerizating activity is better explained in
w Ž . xterms of a bimolecular mechanism, as proposed by Guisnet et al. M.R. Guisnet, Acc. Chem. Res. 23 1990 392 , involving

olefins as intermediates. In this mechanism, Ni causes an enhancement in the surface concentration of olefins. In spite of the
relatively high Ni concentration, X-ray diffraction results showed no evidence of any NiO phase due to this oxide is
well-dispersed on the surface of ZrO –SO2y in form of small particles. The inhibition of isomerizating properties of the2 4

catalysts when hydrogen was present in the reactor feed confirmed this bimolecular mechanism. Interestingly, unpromoted
ZrO –SO2y exhibited also the usual induction period observed on nickel-promoted sulfated zirconia catalysts. Then, this2 4

bimolecular mechanism for the n-butane isomerization could also apply in the unpromoted zirconia sulfate catalyst. q 1999
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic cracking or isomerization of alka-
nes has been frequently used as a test reaction
to asses the acidic properties of the solid acid
catalysts. It has been shown that the slower the
reaction, the stronger are the acid sites required

) Corresponding author. E-mail: harmenda@www.imp.mx

for its catalysis. In this way, the minimum
strength the acid sites must have for catalyzing
each reaction has been estimated by comparing
the change in the reaction rate as a function of

w xthe temperature of pyridine desorption 1 .
Hence, the isomerization of 3,3-dimethyl-1-
butene, which occurs very rapidly, requires weak
acid sites just able to retain pyridine adsorbed
above 493 K, whereas n-hexane transformation,
which is 100 times slower, requires very strong
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acid sites capable of retaining pyridine adsorbed
up to 793 K. These type of reactions could
therefore be used to characterize the strength of
the acid solids. However, the discovery that
sulfated zirconia doped with iron and man-
ganese catalyzes the isomerization of the n-

w xbutane even at room temperature 2,3 , raises
some fundamental questions on the nature of the
active site or the mechanism of reaction respon-
sible for these acid-catalyzed reactions.

Since the establishment that the acid-cata-
lyzed isomerization of paraffins proceeds via a

w xchain-carrying carbenium ion 4 , the source of
the initial carbocations is controversial. The eas-
iness of the olefins in forming carbenium ions
by simple protonation led to the hypothesis that
trace amounts of olefins, introduced as impuri-

w xties 5 or formed in situ by thermal cracking or
w xdehydrogenation 6,7 , could act as initiators. A

second view is that carbocations could be gener-
ated by a direct attack of the paraffins by an

Ž .acid site in three different ways: i a hydride
Ž .abstraction by a Lewis site, ii a carbon–hydro-

Ž .gen bond attack, and, iii a carbon–carbon
Ž .bond attack protolysis . Although, in the case

of paraffins as the sole reactant, the formation
of carbonium ions with pentacoordinated carbon

w xatoms has been showed by Haag and Dessau 8
to occur on strong acid sites, the term ‘super-
acid’ applied to ZrO –SO2y have been recently2 4

w xquestioned 9–11 . In this respect, it has been
suggested that the remarkable catalytic activity
of sulfate-doped zirconia is not caused by ex-
ceptionally strong acid sites, but by stabilization

w xof a transition state complex at the surface 9 .
w xA second mechanistic explanation 12–16 sug-

gests that the presence of reducible oxides, in-
corporated at the sulfate-doped zirconia, leads
to the intermediate formation of olefins. In this
later case, the isomerization of n-butane would
proceed via Cq intermediates, which are known8

to easily undergo b-scission yielding fragments
with iso-C skeletons and also C and C alka-4 3 5

nes.
In the present paper, we examined the cat-

alytic behavior of the unpromoted and Ni-pro-

moted ZrO –SO2y solids in the n-butane iso-2 4

merization reaction. All the sulfated zirconia
catalysts used were capable to isomerize n-
butane at 338 K. The acidity characterization of
the samples by chemisorption of basic com-
pounds showed no direct correlation between
the acid strength and the catalytic properties of
the solids. Our results confirm the idea of a
bimolecular mechanism, in which Ni promotes
the formation of olefins, which are intermedi-
ates of reaction, rather than the generation of
stronger acid sites. Interestingly, when unpro-
moted ZrO –SO2y was used, the isomerization2 4

of n-butane seems to be carried out through this
same mechanism.

2. Experimental

2.1. Preparation of the solids

The unpromoted and Ni-promoted sulfated
zirconia catalysts were prepared by the classical

Ž .two-step method: first, precipitation of Zr OH 4

support, then sulfation. The parent zirconium
hydroxide was precipitated from an aqueous

Žsolution containing 20 wt.% of ZrCl Aldrich,4
.99% with an aqueous solution of ammonia

Ž .J.T. Baker, 28% at room temperature, fol-
lowed by washing with deionized water until
the filtrate showed neutral pH. The resulting
gels were dried at 393 K for 12 h. Then, the
sulfate was incorporated by the incipient wet-
ness impregnation technique with a solution of
H SO containing the appropriate amount of2 4

sulfate. In spite of a not so good homogeneity,
the incipient wetness method let to have a better
control of the quantity of promoters incorpo-
rated to the parent support. The impregnation
time was 2 h and then the material was dried
overnight at 393 K in a vacuum oven. The
calcination was performed in air flow at 948 K
for 1 h in a tubular furnace. In this way, the
material designed as ZrS was obtained. Ni-pro-
moted sulfated zirconia catalysts were obtained

Ž .by impregnation of Zr OH with an aqueous4
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Ž .solution of Ni NO P2H O in H SO . Sulfur3 2 2 4

content was maintained at 4 wt.% of sulfate and
the Ni content ranged from 0 to 9.6 wt.%. Both
the time and of method of impregnation and the
drying and calcination procedure were similar to
those performed on unpromoted ZrO –SO2y.2 4

The solids thus obtained were designed as
X NiZrS where X represents the Ni content
Ž .wt.% in the sample.

2.2. Characterization techniques

2.2.1. Chemical analysis
The sulfur content was measured by the com-

bustion method. The gaseous products were an-
alyzed using a LECO SC-44 instrument coupled
to a microprocessor to obtain directly the sulfur
content as wt.%. In all cases, the samples lost
about 10% of sulfur initially charged. The
9.6NiZrS sample was not measured.

2.2.2. Surface area measurements
Surface area and pore size distributions were

obtained from nitrogen isotherms determined at
liquid nitrogen temperature on an automatic an-
alyzer ASAP 2000 from Micromeritics.

( )2.2.3. Differential thermal analysis DTA
Differential thermal analysis was carried out

in a Perkin-Elmer DTA 1700 instrument. DTA
data were obtained from the dried sulfated zir-
conia samples at a heating rate of 108 miny1. in

Ž y1.a dried air flow 40 ml min . Platinum cru-
cibles were used as sample holders and Al O2 3

was used as a reference material.

( )2.2.4. X-ray diffraction XRD
The powder XRD patterns were measured in

a D-500 SIEMENS diffractometer with a
graphite secondary beam monochromator and
CuKa contribution was eliminated by the2

DIFFRACrAC software to obtain a monochro-
matic CuKa .1

2.2.5. FT-IR studies
The solids were characterized by FT-IR spec-

troscopy using a 170-SX Nicolet spectrometer.

Ž .Self supported wafers 14 mg were mounted in
a glass cell equipped with KBr windows, which
permitted to follow the changes of the spectrum
with thermal treatments. For the determination
of acidity, the sample was evacuated to 10y1

Ž y1.Pa, then maintained under a flow 2.14 l h of
nitrogen saturated with pyridine for 15 min.

ŽOutgassed 1 h at room temperature pressure
y1 .10 Pa , then heated up to the desired tempera-

ture using linear program.
The concentration of Brønsted and Lewis

acid sites was obtained by the Lambert–Beer
w x Ž .law 17 . The absorbency A is determined asI

the integrated area under the curve as follows:

A sBC e dHI n n

where He d is the extinction coefficient and itn n

Ž .is proportional to 0.4343 I . In accord withn

w x y1Ref. 18 , I s3.03 cm mmol or 3.26 cmn

mmoly1 for the bands at 1545 cmy1 and 1450
cmy1, respectively. B is related to weight
Ž . Ž y2 .g rarea cm wafer ratio, and C is the con-
centration of the acid sites. So that, the concen-
tration of Brønsted and Lewis acid sites can be
calculated as:

A 1545 cmy1Ž .I
C sBrønsted w 0.4343=3.03rareaŽ .

A 1450 cmy1Ž .I
C s .Lewis w 0.4343=3.26rareaŽ .

2.2.6. Temperature-programmed desorption of
( )ammonia TPD-NH3

The total acidity of all the solids was mea-
sured by temperature-programmed desorption of
ammonia. The solid was first saturated with a
series of calibrated pulses of ammonia at 473 K,
as described in the Altamira Instruments Notes
w x19 . Then, the NH remained in the lines was3

Ž y1.carried under a dry nitrogen flow 30 ml min
at the same temperature for 12 h. Subsequently,

Žthe temperature was raised up to 773 K after
this temperature, the thermal decomposition of
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.sulfates was carried out with a heating rate of
108 miny1. The NH profile desorption was3

registered with a detector of thermal conductiv-
ity and the amount of ammonia retained by the
solid at 473 K by the number of pulses required
for the saturation of the surface of the solid.

2.2.7. Catalytic tests
The n-butane isomerization was performed at

atmospheric pressure using an isothermal fixed-
bed Pyrex reactor heated by a controlled tem-
perature electric oven. Conditions of the cat-
alytic test were: temperatures338 K, WHSV
s0.4 hy1, mass of catalysts1.0 g. The feed
was either pure n-C or n-C diluted with4 4

Ž .hydrogen 5, 25 and 50 mole% of H . Prior to2

each reaction run, the catalyst was activated in
Ž y1.situ by flowing dry air 40 ml min at 773 K

for 1 h. Then it was cooled under air to the
reaction temperature. The analysis of reaction
products was done by on-line chromatography

Ž .Yusing a 3-m long, 1r8 diameter column
packed with n-octane porasil.

3. Results and discussion

3.1. Chemical composition and textural parame-
ters

Table 1 presents the physico-chemical char-
acteristics of the solids. The nickel content was
ranged from 0 to 9.6 wt.%, with the sulfate
content remaining constant at 4 wt.%. After
calcination at 948 K, the surface areas of these

materials are in the range of 50–60 m2 gy1. It is
interesting to observe that up to 6 wt.% Ni
content, the surface areas and the porosities of
the samples remain practically constant. How-
ever, when Ni content increased until 9.6 wt.%
Ž .9.6NiZrS sample , the specific surface area and
the total specific pore volume decrease dramati-
cally with a concomitant increase in the meso-

Ž .porosity intraparticles of the sample. These
changes in the pore structure and surface area
are all consistent with the market crystallite
growth, and accompanying phase transforma-
tion, as a consequence of a sintering process
that will be discussed later. It is noteworthy that
at this greater nickel content, the sulfate does
not maintain the surface area and porosity of the

w xsample as generally reported 20–22 . This re-
sult suggests therefore, the presence of a weak
interaction between the sulfate groups and the
zirconia support in this sample. Probably at this
great Ni concentration, there is a preferential
adsorption of the nickel precursor on the sup-
port, which restrict the bonding of sulfate to
zirconium hydroxide support.

3.2. DTA

Fig. 1 illustrates the DTA profiles of ZrO –2

SO2y and Ni promoted ZrO –SO2y samples.4 2 4

The endothermic peak observed about 413–433
K corresponds to removal of water adsorbed
and the dehydroxilation of the hydrates. The
wide exothermic peak centered at 843 K on
unpromoted ZrO –SO2y sample corresponds to2 4

Table 1
Physico-chemical characteristics of the different samples

Ž .Sample Chemical composition wt.% Surface area Porous volume Mean porous size
2 y1 3 y1 ˚2y Ž . Ž . Ž .m g cm g AZrO NiO SO2 4

ZrS 96.0 0 4 66 0.108 65
1NiZrS 95.0 1.0 4 62 0.108 70
1.5NiZrS 94.5 1.5 4 60 0.078 52
2.5NiZrS 93.5 2.5 4 56 0.083 39
4.5NiZrS 91.5 4.5 4 50 0.078 63
6NiZrS 90.0 6.0 4 66 0.072 44
9.6NiZrS 86.4 9.6 4 4 0.020 201
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Fig. 1. DTA profiles for the unpromoted and Ni-promoted
2y Ž . Ž . Ž .ZrO –SO when heated in dried air: a ZrS, b 1NiZrS, c2 4
Ž . Ž . Ž . Ž .1.5NiZrS, d 2.5NiZrS, e 4.5NiZrS, f 6NiZrS, g 9.6NiZrS.

a rearrangement of tetragonal ZrO structure2

due to the activation of sulfur. We have shown
w x23,24 that this exothermic peak cannot be
directly associated with the crystallization of
ZrO . The incorporation of Ni to sulfated zirco-2

nia shifts this exothermic peak to higher temper-
atures and in some cases, it is not detectable.
This suggests that there would be an associated
effect of nickel and sulfate promoters in the
stabilization of the tetragonal phase of ZrO ,2

with all its inherent textural properties, at higher
temperature. In Ni-promoted ZrO –SO2y sam-2 4

ples, a second exothermic peak at about 573 K
was observed. Due to this, exothermic peak is

not present in Ni-unpromoted sulfated zirconia,
it is attributed to crystallization of NiO. The
existence of such a glow exothermic peak is a
well-documented feature of many metal oxides

w x w xcrystallization systems 25 . Richardson 26 has
reported a temperature near to 573 K for the

Ž .formation of NiO from Ni OH . From Fig. 1,2

we clearly see that this pick becomes more and
more important and narrow as the Ni content is
increasing.

3.3. Crystal structure

X-ray diffraction patterns taken after heating
at 948 K are shown in Fig. 2. The X-ray pattern
of the unpromoted sulfated zirconia reveals a
well-crystallized tetragonal phase with a few
percentage of monoclinic phase. In agreement
with DTA results we can observe that the incor-
poration of nickel to sulfated zirconia stabilizes
the tetragonal phase. The progressive decreasing
of the peak that appears at the angle 2us28.28,
assigned to the monoclinic phase, as the nickel
content increases indicates that, in addition to
sulfate, the presence of nickel stabilizes the
metastable tetragonal phase of ZrO at a higher2

temperature. It retards the sintering process of
small crystals, which gives rise to the tetragonal

w xto monoclinic phase transformation 27 . The

Fig. 2. X-ray diffraction patterns of unpromoted and Ni-promoted
2y Ž . Ž . Ž .ZrO –SO calcined at 948 K: a ZrS, b 1NiZrS, c 1.5NiZrS,2 4

Ž . Ž . Ž . Ž . Ž .d 2.5NiZrS, e 4.5NiZrS, f 6NiZrS, g 9.6NiZrS. q Tetrag-
Ž . ŽU .onal phase, ` monoclinic phase, NiO phase.
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stabilization of the metastable tetragonal struc-
ture of ZrO has been also reported to take2

place with the incorporation of many different
metal oxides such as MgO, CaO, Se O , Y O ,2 3 2 3

w xLa O and CeO 28 . Although it is generally2 3

accepted that the tetragonal phase is present in
the highly acidic ZrO –SO2y catalysts, it seems2 4

not play a direct role in the formation of the
highly acidic sites present in this material as
will be seen later. It is noteworthy that despite
their significant concentration, we did not ob-
serve the lines of diffraction corresponding to
any nickel oxide phase in the samples such as
4.5NiZrS and 6NiZrS, indicating the existence
of a microcrystalline phase with a crystallite

˚ w xsize smaller than 30 A 29 . Only the sample
Ž .with the higher Ni content 9.6NiZrS shows

one peak to 2us43.58, corresponding to the
NiO phase. Interestingly, in this later sample,
we also observed that the stabilization effect of
sulfate and Ni promoters is not maintained, so
the crystalline structure of ZrO is majority2

monoclinic. These results indicate, in agreement
with those of DTA profiles, that if at first NiO
is formed, afterwards it probably remains on the
surface of zirconia in form of small particles in

Ž .spite of high temperature of calcination 948 K .
Up to given concentration, the fact that a big
particle of NiO was not observed suggests that
there is a strong interaction between the sulfated
zirconia and the NiO particles, which prevent
the sintering of these later.

3.4. TPD-NH and IR of pyridine adsorbed3

studies

3.4.1. Acidity from desorption ammonia
In spite of strong basicity of NH molecule,3

which could measure acid sites with an insignif-
icant contribution to catalytic activity, the ther-
mal desorption of ammonia is a simple method
widely used to investigate both the strength and
the number of acid sites present on the surface
of an acid solid. The results of this determina-
tion are summarized in Table 2. Clearly, it

Table 2
Number of sites retaining ammonia at 373 K on the different
samples

Sample Ni content Number of acid
y1Ž . Ž .wt.% sites meq-g

ZrS 0 185
1NiZrS 1.0 162
1.5NiZrS 1.5 158
2.5NiZrS 2.5 171
4.5NiZrS 4.5 196
6NiZrS 6.0 257
9.6NiZrS 9.6 49

appears that the number of acid sites presents on
ZrO –SO2y samples is not affected by the2 4

presence of Ni. Indeed, we can see that the
density of acid sites remains practically con-
stant. In the 9.6NiZrS sample, the lost of acid
sites is probably associated to the lost of sulfur
Ž .not measured , as evidenced by the sintering
process observed by XDR. The ammonia ther-

Ž .mal desorption profiles not shown present only
one wide peak of desorption at about 573 K.
This feature suggests, in a way, the presence of
sites with different acid strength and, on the
other hand, that these sites pose mainly as a

w xmedium acid strength 22 . Therefore, from these
results emerge that our Ni-promoted or unpro-
moted ZrO –SO2y cannot be considered as a2 4

superacid solid.

3.4.2. Acidity from IR of pyridine adsorption
Pyridine has been used as a probe for the

determination of the acid sites nature present on
the surface of the studied catalysts. The spectra
observed after evacuation of pyridine at 323 K
on the samples are reported in Fig. 3a. The
stretching bands of infrared spectrum of pyri-
dine adsorbed on solid acids have been clearly

w xidentify and reported 30 . The bands at 1455
and 1610 cmy1 correspond to different modes
of vibration of pyridine coordinated to the Lewis
acid sites. The band at 1545 cmy1 has been

Žassigned to the pyridinium ion Brønsted acid
. y1sites . Finally, the band at 1495 cm is charac-

teristic of the Lewis–Brønsted acid complex.
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Fig. 3. Infrared spectra of pyridine adsorbed on the unpromoted
2y Ž . Ž .and Ni-promoted ZrO –SO calcined at 948 K: a ZrS, b2 4

Ž . Ž . Ž . Ž . Ž .1NiZrS, c 1.5NiZrS, d 2.5NiZrS, e 4.5NiZrS, f 6NiZrS, g
9.6NiZrS. Pyridine adsorbed at room temperature, then evacuated

Ž . Ž .at A 323 K and B 573 K.

On all the samples, we identify both types of
acidity, with a greater contribution of Lewis
acidity. Regardless of sample the intensities of
all bands practically disappeared upon out-

Ž .gassing at 573 K Fig. 3b , thus showing a
moderate interaction between pyridine and the
solids. Only for a Ni contents of 1 wt.% the
general behavior remained with more intense
bands, the positions of which were unchanged.
Trying to find a possible correlation between
the Ni content and the acid strength of the
samples, the peak areas corresponding to
Brønsted and Lewis sites after evacuation at 323
and 573 K were determinated. These areas as

Ž .well as the Brønsted to Lewis ratio BrL for
each catalyst are summarized in Table 3. Taken
into account that the extinction coefficient of
protonated and coordinated pyridine could not

Ž .be the same, from the BrL ratio we observe a
more important increasing in the density of
Lewis sites than Brønsted sites when Ni-promo-

Table 3
Brønsted and Lewis acid sites measured by IR of adsorbed
pyridine

y1 y1Ž . Ž .Sample mmol Py g T s323 K mmol Py g T s573 K

Brønsted Lewis Ratio Brønsted Lewis Ratio
BrL BrL

ZrS 35 97 0.360 4 9 0.444
1NiZrS 49 176 0.278 18 23 0.782
1.5NiZrS 45 181 0.248 10 14 0.714
2.5NiZrS 36 189 0.190 4 36 0.111
4.5NiZrS 34 207 0.164 7 16 0.437
6NiZrS 16 170 0.094 0 13 0
9.6NiZrS 9 98 0.091 0 24 0

ter appears. The comparison of BrL ratio after
outgassing at 323 and 573 K evidences a higher
lost of Lewis sites than Brønsted sites.

3.5. Catalytic n-butane isomerization

The catalytic data of the conversion of n-
butane as a function of time on stream are
shown in Fig. 4 for SZr and the NiZrS solids

Žseries. Isobutane was the main product )90%
.selectivity while propane and isopentane were

the secondary ones. All the catalysts showed an
induction period, the activity passes through a
maximum with time on stream followed by
deactivation. Similar induction period has also
been reported by others authors on sulfated

Fig. 4. n-Butane isomerization conversion as a function of time on
stream over unpromoted and Ni-promoted ZrO –SO2y calcined2 4

Ž . Ž . Ž . Ž . Ž .at 948 K: a ZrS, b 1NiZrS, c 1.5NiZrS, d 4.5NiZrS, e
6NiZrS. Temperature of reactions338 K, WHSVs0.4 hy1.
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w xzirconia promoted with different metals 13–15 .
According to the hypothesis of bimolecular
mechanism, this initial induction period would
be ascribed to a build-up of olefins on the
catalyst surface. It was interesting that our un-

Žpromoted sulfated zirconia with maximum of
conversion near to 5 mole%, even at this low

.temperature, 338 K showed this induction pe-
riod. This fact suggests that the n-butane iso-
merization on unpromoted ZrO –SO2y is car-2 4

ried out through the same bimolecular mecha-
nism, therefore, it implies a dehydrogenation
process on this unpromoted solid. Different
trends were observed as nickel was added to
sulfated zirconia. From Fig. 4, it can be ob-
served that the incorporation of 1 wt.% of nickel
strongly enhances the activity of ZrO –SO2y.2 4

On increasing the Ni content to 1.5 and 4.5
wt.%, we did not observe a great difference in
the catalytic behavior among these three sam-
ples. A further increase in Ni content up 6 wt.%
decreases again the catalytic activity. Finally,
the sample with the greater amount of nickel
Ž .9.6NiZrS was completely inactive under our
reaction conditions, due to the lost of sulfur
associated to the tetragonal to monoclinic phase
transformation. It can also be observed that the
higher the activity showed by the catalyst, more
severe is its deactivation. If some differences in
the density of acid sites were observed among
the seven catalysts investigated, a direct correla-
tion with catalytic activity was not apparent. For
example, the unpromoted sulfated zirconia
Ž .ZrS , which is significatively less active than 1

Ž .wt.% Ni promoted sulfated zirconia 1NiZrS ,
showed a greater density of acid sites measured

Ž .by TPD-NH Table 2 .3

On the other hand, when we correlate both
the nature and the density of acid sites, mea-
sured by IR of pyridine adsorbed, with the
catalytic activity a different behavior was found.
From the curves of Fig. 5, it seems to be a
correlation between the density of Lewis acid
sites and the activity of the samples. As the Ni
content increase, we observed a maximum in
the density of Lewis acid sites for a 4.5 wt.% Ni

Fig. 5. n-Butane isomerization conversion and Lewis acidity as a
2y Ž .function of NiO content in Ni-promoted ZrO –SO . ` Con-2 4

Ž .version, v Lewis acidity.

content. This maximum corresponds to that of
the catalytic activity showed by the solids. But
in this point, as in the case of TPD-NH , we3

observed that 6NiZrS sample, with practically
the same density of Lewis acid sites than 1NiZrS
sample, is about 6 times less active catalyst.

In the literature, there are several attempts to
Ž .correlate the acidity Brønsted or Lewis with

the catalytic performance of sulfated zirconia.
On unpromoted ZrO –SO2y, Nascimento et al.2 4
w x31 have proposed that its isomerizing activity
can be related to the simultaneous presence of
Brønsted and Lewis acid sites. In fact, they
observe that the maximum n-butane isomeriza-

Ž .tion activity is obtained when the BrL ratio is
w xabout 1. Hsu et al. 2 showed that sulfated

zirconia activity could be significantly enhanced
by the addition of Fe and Mn. They establish
that this enhancement was due to the generation
of additional sites, with higher acid strength
than those on unpromoted sulfated zirconia. In
our case, nevertheless, the density of Lewis acid
sites passes through a maximum with nickel

Ž .content as that showed by catalytic activity , it
appears that the modification of the acid sites
density is not the main factor that explains the
increase in activity of Ni-promoted sulfated zir-
conia catalysts. These results would favor the
idea that the isomerization of n-butane on
ZrO –SO2y, promoted or not, is carried out2 4
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Table 4
n-Butane conversion over 4.5NiZrS catalyst at 338 K, and atmo-
spheric pressure

H rn-C molar Conversion2 4
Ž .ratio in feed mole%

0 26.53
0.05 2.80
0.50 0

WHSVs0.37 hy1.

through a bimolecular mechanism. As men-
w xtioned by several authors 14,32–35 , the role of

metallic promoter will be to act as dehydrogena-
tion sites. The olefins thus generated would
participate in the subsequent dimerization step.
However, our results show that among 1 to 4.5
wt.% Ni content, the activity seems to be inde-
pendent of Ni content, which suggests that the
dehydrogenation of butane is not the rate limit-
ing step for the n-butane isomerization. So, we

w xsupport the idea of Coelho et al. 13 and Tab-
w xora and Davis 34 , in which they suggest that

the transition metal may attract olefin molecules
to form a butene pool that enhances the surface
concentration of olefins near to the acid sites.
Under these conditions, the dimerization step, as
the rate step limiting, would be accelerated by
the higher surface concentration of olefins.

The idea of the olefins as intermediates of
reaction is consistent with the fact that the slow
induction period observed on unpromoted

2y Ž .ZrO –SO Fig. 4 is greatly enhanced by the2 4

incorporation of Ni. One increase of reaction
temperature also causes the same effect. It is
explained as an effect kinetic as reported by

w xResasco et al. 15,35 . According to this hypoth-
esis the rate of n-butane isomerization would be
inhibited when it was carried out under an
hydrogen atmosphere. Indeed, in Table 4 we
can see as the maximum of activity decreased as
the partial pressure of H was increased. It is2

consistent with a lower reaction rate. However,
w xas reported by Garin et al. 36 , it is possible

that the mechanism of reaction that proceeds
under hydrogen could be different than that with
sole n-butane as feed.

Given that the acidity of sulfated zirconia,
measured by the adsorption of NH or pyridine,3

could be considered as a medium acid strength,
the dehydrogenating capacity of ZrO –SO2y

2 4

could be better explained by the acid–base
properties of ZrO , which have been shown by2

w xFeng et al. 37 and recently by Coman et al.
w x38 . These will greatly enhanced by the addi-
tion of sulfate and nickel promoters to zirco-
nium hydroxide support.

4. Conclusions

As conclusions, we can establish the follow-
ing.

Ž .1 A relatively easy coimpregnation of Ni
and SO2y promoters to a zirconium hydroxide4

support was used to obtain a sulfated zirconia
catalyst, which is capable to isomerize the n-
butane at 338 K.

Ž .2 Although our n-butane isomerization on
NirZrO –SO2y study showed the importance2 4

of the olefins formation as reaction intermedi-
ates, the dehydrogenating properties of NiO is
not the main factor responsible for the different
catalytic behavior between the unpromoted and
Ni-promoted sulfated zirconia. The increase of
Lewis acid sites density of ZrO –SO2y as Ni is2 4

present suggests that Ni could increase the
strength of the acid–base pair of sulfate zirco-
nia, hence increasing its dehydrogenating prop-
erties.
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