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Isomerization of n-hexane (1–5 bar) is studied over sulfated
zirconia at 423 K and 50 bar, under 5–45 bar hydrogen. The sulfated
zirconia is crystallized at 923 K, then loaded with 0.025–0.8 wt%
platinum. The isomerization rate first increases with hydrogen pres-
sure, reaches a maximum, and finally decreases slowly. At a given
platinum content, the position of the maximum increases with hex-
ane pressure. The shape of the activity curves versus hydrogen par-
tial pressure depends strongly on the platinum content. All the ac-
tivity data are kinetically modeled by an acid mechanism in which
the Lewis acid–base sites create carbenium ions. Activated hydro-
gen on platinum spills over to form the hydride species responsible
for the desorption of the isocarbenium ions. The three parameters of
the rate equation reflect the number of sites, the acid strength, and
the efficiency of platinum. In the series of catalysts examined, the
acidity is constant while the platinum efficiency increases with load-
ing and reaches an upper limit at 0.15% platinum loading. c© 2001
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INTRODUCTION

The existing and forthcoming regulations on gaso-
line have highlighted the need for “clean” high-octane
molecules in the gasoline pool. Isoparaffins produced by
alkylation of butene by isobutane and isomerization of
the C5–C7 cut have the right combination of RON/MON
properties and compliance with environmental regulations.
Solid acid catalysts are required for their production and
a renewed interest in their use is noticeable in the last
few years. Among them, sulfated zirconia is very attractive
since it offers a nice alternative for the corrosive halogen-
containing solid acids in the skeletal isomerization of light
linear alkanes at low temperature. Recently, UOP has mar-
keted sulfated zirconia catalysts for this purpose (1). Much
work has been devoted to sulfated zirconia and compiled in
several reviews (2–7). In the present work, we focus on the
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influence of platinum and hydrogen on the reaction mech-
anism. Addition of platinum and hydrogen is required to
prevent the rapid deactivation of the catalyst. The role of
platinum in the presence of hydrogen is still a controversial
issue. Some authors report that platinum brings the metallic
function in a classical bifunctional mechanism (8). Ebitani
et al. (9–11) observe a promoting effect of hydrogen on
the isomerization. They suggest that strong protonic acid-
ity is generated via dissociation and spillover of hydrogen
species. Iglesia et al. and Comelli et al. (12–14) also observe
a promoting effect of Pt and H2 and attribute it to the con-
version of hydrogen atoms into hydrides, accelerating the
desorption of the carbenium intermediates. In these studies,
the influence of hydrogen is always limited to low hydrogen
pressures.

We recently reported that much valuable information on
the role of platinum and hydrogen is obtained from the
catalytic transformation of n-hexane under a wide range of
hexane and hydrogen partial pressures (15, 16). Platinum
calcination and reduction temperatures have a dramatic in-
fluence on the catalytic activity. The kinetic modeling yields
a very simple rate equation describing these effects. This
paper develops more exhaustively the reaction mechanism
and the kinetic treatment and extends the studies to cata-
lysts containing various amounts of Pt.

EXPERIMENTAL

Catalyst Preparation

Zirconium hydroxide is precipitated from an aqueous so-
lution of zirconium oxychloride by ammonium hydroxide.
The dry material is sulfated by pouring in a 0.5 M H2SO4

solution, filtering, and drying. The powder is then shaped by
extrusion (5× 1.6 mm) by mixing it with 20% xerogel alu-
mina, followed by calcination at 923 K. The sulfur content
amounts to 2.0 wt%, as analyzed at the CNRS (Vernai-
son). Platinum (0.025–0.8 wt%) is loaded by impregnation
with an H2PtCl6 solution. The final catalysts are calcined at
753 K.
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Three other samples are prepared without alumina
binder for FTIR characterization of adsorbed CO. Zirco-
nium hydroxide is prepared as described above. A sample of
pure ZrO2 is obtained by calcining the hydroxide at 773 K.
The sample SO4–ZrO2 is prepared by sulfatation of the dry
hydroxide with H2SO4, followed by calcination at 923 K.
The third sample Pt–SO4–ZrO2 is prepared by impregnat-
ing the calcined SO4–ZrO2 sample with 0.45% Pt and then
calcining it at 753 K.

Activity Measurement

The extrudates (0.5 g) are activated in the flow reactor at
673 K for 2 h in a dry air stream (50 ml/min) and contacted
with flowing hydrogen (70 ml/min) at 423 K for 1 h. Dry
n-hexane (1, 3, and 5 bar) is vaporized in the dry hydrogen–
helium mixture at 50 bar total pressure and 423 K. The
hydrogen partial pressure is varied from 5 to 45 bar. The
reaction products are analyzed online with a Varian
3400 GC equipped with a CPSIL-5B capillary column and
an FID detector. Analyses are performed automatically
every hour. Sampling starts at steady state, after 0.6 h. The
catalyst is stable over at least 1 week. Eventually, com-
plete regeneration is obtained by calcination in situ under
flowing dry air at 673 K. Conversions are kept in the range
10–35%. The reaction follows an order close to 1, which is
used to calculate initial rates.

Infrared Characterization

Infrared spectra are recorded with a Nicolet Magma
550 spectrometer equipped with an MCT detector. The
alumina-free or alumina-bound catalysts are pressed into
self-supported wafers, activated in situ under 100 Torr of O2

at 773 K and evacuated at 773 K. The catalysts are contacted
at 100 K (acidity measurements) or at room temperature
(Pt site characterization) with 1 Torr of CO at equilibrium.
Spectra are then recorded after evacuation either at 100 K
or at room temperature.

XRD Characterization

Powder X-ray diffraction spectra are recorded on a
Philips PW1750 spectrometer using CuKα radiation. Each
step of 0.02◦ from 20 to 70◦ (2θ) is measured for 5 s.

RESULTS AND DISCUSSION

The kinetic and mechanistic study of the isomerization
of n-hexane reported here is based on activity data col-
lected on sulfated zirconia catalysts shaped as extrudates
with an alumina binder. These conditions of measurement
are closely representative of industrial reactors, which can-
not operate with powdered catalysts. Since the mechanical

properties of pure zirconia extrudates are very poor, mixing
with 20% binder is necessary. Such a shaping could modify
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the properties of the zirconia; it is argued below that our
procedure does not induce such changes.

From the literature, incorporation of alumina to zirconia
strongly depends on the preparative conditions. Coprecip-
itation of the two hydroxides (17) yields a mixed oxide sys-
tem, in which aluminium ions retard the dehydration upon
drying and hamper the growth of the small tetragonal crys-
tallites of zirconia upon calcination. The system becomes
amorphous, loses its Lewis acidity and its catalytic proper-
ties for butane isomerization. Stabilization of zirconia in the
amorphous state can also be obtained by simple impregna-
tion of the dry zirconium hydroxide with aluminium nitrate
followed by calcination (18).

Zalewski et al. (19) reported that a prolonged mixing of
the two hydroxides in the presence of large amounts of wa-
ter and subsequent calcination at 873 K incorporates alu-
mina. Again, sintering of the active tetragonal crystallites
of zirconia is suppressed, and the lifetime of the catalyst for
alkylation is increased.

In our case, the two dried hydroxides are mixed with
a minimum of water to form a paste, which is extruded.
XRD spectra evidence crystalline zirconia after calcination
at 923 K for both plain sulfated zirconia and sulfated zirco-
nia bound with alumina (Fig. 1). Apart from a small fraction
of monoclinic zirconia, we identify the cubic phase from
the diffraction line at 2θ = 63◦ (20). Moreover, the weight-
averaged intensity of the diffraction lines, corrected for the
zirconia content, is unaffected by the presence of the binder.
The crystallite size, evaluated from the Scherrer formula,
is constant at around 100 Å for both types of samples. This
strongly suggests a biphasic system and a physical effect of
the binder.
FIG. 1. XRD spectra for SO4–ZrO2 (a) and SO4–ZrO2 extruded with
alumina (b).
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Although we cannot exclude some surface incorporation
of alumina, our preparation conditions should limit it to a
very low fraction. Moreover, all the samples of the series
studied here differ only by their platinum content and are
prepared by impregnation of the same sulfated zirconia–
alumina extrudates. Hence, the influence of alumina, if so,
is constant within the series and allows study of the influence
of hydrogen and platinum.

CATALYST CONTAINING 0.3% PLATINUM

Product Distribution

Figure 2 shows the product distribution observed for
the catalyst containing 0.3% Pt. Cracking is negligible.
The figure illustrates the isomer distribution measured at
various contact times and hydrogen pressures. Methyl-2-
pentane (2MP), methyl-3-pentane (3MP), and dimethyl-
2,3-butane (23DMB) are the primary products and are
present at their thermodynamic ratio. Dimethyl-2,2-butane
(22DMB) is clearly a secondary product. We would ex-
pect 23DMB to also be a secondary product. However, it
is rapidly equilibrated with 2MP and 3MP, indicating that
the first steps in isomerization are quite fast. The selectiv-
ity is influenced neither by the platinum content nor by the
hydrogen partial pressure.

Influence of Hydrogen Pressure

The influence of hydrogen pressure on isomerization rate
is shown in Fig. 3 for the catalyst containing 0.3% platinum.

FIG. 2. Product distribution at 423 K for Pt(0.3%)–SO4–ZrO2 at var-
ious contact times and hydrogen pressures (2–45 bar): 2-methylpentane

(4), 3-methylpentane (.), 2,3-dimethylbutane (h), 2,2-dimethylbutane
(d).
ET AL.

FIG. 3. Influence of hexane and hydrogen partial pressures on the
isomerization rate for Pt(0.3%)– SO4–ZrO2. Hexane pressures: 1 bar (o),
3 bar (d), 5 bar (4).

The reaction is not observed without hydrogen. At a given
hexane pressure, the rate strongly increases up to a maxi-
mum and then slowly decreases. The position of the maxi-
mum shifts from 3 to 15 bar hydrogen with increasing hex-
ane pressure in the range 1–5 bar. The reaction order with
respect to n-hexane is slightly lower than 1 at low hydrogen
pressure and reaches 1 beyond the maximum.

Infrared Spectra of Adsorbed Carbon Monoxide

Infrared spectroscopy of adsorbed carbon monoxide is
first used to detect Lewis acid sites of the sulfated zirconia.
Spectra a and b in Fig. 4 compare in the region 2200 cm−1

two sulfated samples, with and without alumina binder, ac-
tivated at 773 K. CO was adsorbed at equilibrium at 100 K
and evacuated. Under these conditions, pure alumina does
not retain carbon monoxide, and no signal for adsorption
on the alumina component of the sample was detected.
Clearly, the two spectra show the same band at 2204 cm−1

assigned to CO adsorption on coordinatively unsaturated
zirconium. The difference in intensity of the signals reflects
the proportion of zirconia in the two samples. Therefore,
the alumina binder does not influence the Lewis acidity
of the sulfated zirconia, despite its high proportion (20%).
According to Ref. (17), CO adsorption on sulfated zirconia
is unaffected by incorporation of alumina up to 3 mol% in
zirconia–alumina systems prepared by coprecipitation. Our
samples are prepared by extrusion under conditions far less
favorable than those of the coprecipitation method for in-

corporating alumina. Hence, they should incorporate much
less alumina, if any. The spectrum of pure zirconia shown
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FIG. 4. FTIR spectra of adsorbed CO at 100 K and evacuated at 100 K.
(a) SO4–ZrO2, (b) SO4–ZrO2, (c) ZrO2 extruded with alumina.

in Fig. 4c presents a CO band at 2194 cm−1. Compared to
the sulfated oxide, sulfating induces a shift to 2204 cm−1

in agreement with the literature (21–23). It points to an en-
hancement of the Lewis acid strength. The bands totally dis-
appear upon rising temperature at ambient and evacuation.

The spectrum of CO adsorbed at 100 K on the Pt(0.45%)–
SO4–ZrO2 sample presented on Fig. 5a shows bands at
2204, 2154, and 2097 cm−1. Evacuation at room temper-
ature (Fig. 5b) does not affect the position and intensity of
the bands at 2154 and 2094 cm−1, while the one at 2204 cm−1

FIG. 5. FTIR spectra of adsorbed CO at 100 K on the Pt(0.45%)–

SO4–ZrO2 sample. (a) Evacuated at 100 K, (b) evacuated at 298 K,
(c) subtraction result a− b.
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disappears and a new signal of low intensity appears at
2194 cm−1. Since the Pt-free samples show no bands of ad-
sorbed CO in this region after evacuation at room tempera-
ture, the remaining bands on the platinum-containing sam-
ple should be attributed exclusively to several Pt species. So,
we can evidence the band of adsorbed CO at low temper-
ature characteristic of the Lewis sites by subtracting the
spectrum of the Pt-containing sample at room tempera-
ture from the spectrum evacuated at 100 K. This yields the
proper adsorption band at 2204 cm−1 of the Lewis acid sites
on the Pt-loaded sulfated zirconia (Fig. 5c). So, the presence
of 0.45% platinum does not affect the acid strength of the
sulfated zirconia. After reduction at 423 K, the platinum
sample shows only a band at 2080 cm−1 characteristic of
metallic Pt (spectra not shown). Similarly, platinum does
not influence the sulfate bands (spectra not shown). Un-
der these activation conditions, no bands characteristic of
hydrogenosulfates are detected.

Reaction Mechanism

Several types of mechanisms could account for the main
feature of the experimental data: a change in hydrogen or-
der, from positive to negative. This maximum in activity
with hydrogen pressure over metal–acid catalysts has been
scarcely reported in the literature so far. The two widely
reported mechanisms, namely, the bifunctional mechanism
and the acidic mechanism on Brønsted sites, are first dis-
cussed and then a new mechanism based on the spectro-
scopic evidences provided above is presented.

Bifunctional Mechanism

Bifunctional reforming catalysts give a first example of
the influence of hydrogen on the dehydrocyclization of
n-heptane at high temperature (24). Their low activity at
low hydrogen partial pressure is classically interpreted by
coke formation. Increasing hydrogen partial pressure pre-
vents such a side reaction. Finally, high hydrogen partial
pressure slightly inhibits the reaction, the dehydrogenation
step of the hydrocarbon into an olefin being unfavorable.
More recently, a maximum in isomerization rate of light
alkanes on platinum–zeolite catalysts operating at 523 K
(25) has also been interpreted by a classical metal–acid
bifunctional mechanism. Besides the well-known negative
effect of hydrogen on the olefin formation, the authors in-
troduce a further dehydrogenation step into a diolefin to
account for a positive effect at low hydrogen pressure. The
authors propose the rate expression

r = k · (RH) · (H)
(H)2 + (RH) · (a · (H)+ b)

, [1]

where (RH) and (H) stand for the hydrocarbon and hy-

drogen partial pressures, respectively. They have checked
qualitatively the reaction orders predicted by the rate
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FIG. 6. Application of the rate equation (Eq. 1) for the bifunctional
mechanism (25) to isomerization data obtained with the catalyst Pt(0.3%)–
SO4–ZrO2. Hexane pressures: 1 bar (d); 3 bar (o); 5 bar (m).

equation, yielding a maximum in the curves. We tried to
apply this equation to our data by optimizing the corre-
sponding kinetic parameters. We found that the model gives
a good fit only for the data obtained at one given pressure of
hexane, but, as shown in Fig. 6, it completely fails to fit the
whole range of hexane pressures. Clearly, it does not ac-
count for the hexane reaction order on sulfated zirconia
at 423 K. We attempted to adjust the olefin–diolefin ra-
tios in several reaction schemes but none of the resulting
rate equations models our data. Therefore, a classical bi-
functional metal–acid mechanism is improbable at 423 K
over platinum-sulfated zirconia catalysts, even if the sam-
ples show platinum in the metallic state after contacting
the catalyst with hydrogen. A similar conclusion, based on
the very low concentration of the olefin intermediate, is
reported in the literature (12, 26).

The role of platinum in Pt–SO4–ZrO2 catalysts should
therefore be focused on the activation of hydrogen. This
important aspect of the working catalyst has been consid-
ered by some authors (10, 12–14, 27) to explain the positive
hydrogen order. Two pictures emerge from these studies.
According to Ebitani et al. (11), hydrogen is a source of
Brønsted acidity, as evidenced by infrared spectroscopy.
Molecular hydrogen is homolytically dissociated on plat-
inum, and the atoms migrate by spillover to the sulfated
zirconia sites where they convert either into H+ and H−

or 2H+ and 2 e−. Protons and hydrides affect the balance
between the Lewis and Brønsted sites. Brønsted acidity is
enhanced as is the activity.
The approach of Iglesia et al. (12) is different. Studying
n-heptane isomerization at 473 K on Pt–SOx–ZrO2, they
ET AL.

draw a parallel between the positive effect brought by hy-
drogen and adamantane. Since the latter is known as a hy-
drogen donor, they conclude that in both cases hydrides
play a direct role in the reaction by desorbing the isomerized
carbenium ions. The hydride species shorten the residence
time of the carbenium species on the sulfated zirconia sur-
face and therefore minimize polymerization and cracking
(10, 13, 14). Several steps convert molecular hydrogen into
the active hydride species: dissociative H2 adsorption on
the Pt surface, conversion into hydrides and Pt+ , and finally
transfer to the adsorbed carbenium ion on the acidic site.

Both interpretations account for a positive effect of hy-
drogen and are satisfactory as long as the hydrogen pressure
is not too high. The difficulty arises with the maximum in
hydrogen pressure. For a complete kinetic modeling, we
have to establish the whole sequence of elementary steps,
which is the subject of the following paragraph.

Acidic Mechanism on Brønsted Sites

The sequence starts with the initiation step. The forma-
tion of the initial carbenium ion is commonly described via
a carbonium intermediate on Brønsted acid sites (4).

RH+H+ → RH+2 → R+ +H2

This requires a strong acidity. Indeed, many reviews in the
literature ascribe a superacidity to these solids (28, 29). Al-
though it is not our purpose here to describe the exact in-
teraction of the sulfate species with zirconia, IR studies in
our laboratory identified several hydrogenosulfate species
(30). An acidity as low as H0=−13 on the Hammett scale
is measured by protonation of chloroacetonitrile. However,
activation at higher temperatures transforms this Brønsted
acidity into Lewis acidity by elimination of water.

The next step isomerizes the carbenium. This step is equi-
librated since the primary hexane isomers are in thermody-
namic equilibrium.

R+ ↔ iR+

Finally, the sequence ends by desorption of the isocarbe-
nium. Classically, this can be achieved by a hydride transfer
from the hydrocarbon, while regenerating the initial carbe-
nium.

iR+ +RH→ iRH+R+

Unfortunately, such an isomerization sequence does not
give a rate expression fitting our activity data. Another pos-
sibility would be desorption by hydride species, which can
be formed by hydrogen dissociation on platinum. Accord-
ing to Iglesia et al. (12), hydride species are more active than
hydrocarbon in desorbing the isocarbenium. However, in-
cluding a desorption step by hydrides does not improve
the rate expression to fit our data. Moreover, we tested a

large number of rate equations based on Brønsted acidity
at the initiation step. None of them gave a satisfactorily fit
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SCHEME 1. Plausible Lewis active sites (adapted from Ref. 32).

for the whole set of data. We conclude that the Brønsted
acidity is not the key point to describe the working catalyst.

Acidic Mechanism on Lewis Sites

Alternatively, some authors emphasize the participation
of Lewis sites in the reaction mechanism for alkane isomer-
ization (31, 32). Indeed, the conversion of Brønsted species
into Lewis sites readily occurs upon heating, as shown by
FTIR (28–30). The infrared characterization of our sam-
ple by CO adsorption also indicates Lewis sites. Under our
reaction conditions, activation of the catalyst is carried out
in situ at 673 K in flowing dry air. Despite an activation tem-
perature lower than that for IR measurements, Lewis sites
most probably are present on the working catalysts. Sev-
eral structures with Lewis sites are proposed in the sulfated
zirconia literature. A plausible configuration adapted from
the group of Morterra (32) (Scheme 1) is illustrative for the
acid–base pair. It represents the Lewis acid (Zr) and base
(O) sites (here denoted Y and X, respectively) required to
write a reaction sequence.

We consider the Lewis acid–base pair as the active site.
Isomerization starts by hydride abstraction from the hydro-
carbon on coordinatively unsaturated Zr atoms (Y sites).
This creates the carbenium ion which is stabilized on the
Lewis basic sites (X sites) as already described (32, 33).
Isomerization then rapidly occurs in a quasi equilibrium as
before and, finally, the isocarbenium ion is desorbed by the
hydride species created in the initiation step. This is a closed
sequence depicted in Scheme 2. The three steps proceed at
the same rate.

Such a sequence is consistent with the poisoning effect
of water, which adsorbs on the Lewis sites. In principle the
sequence operates in the absence of hydrogen. However,
we could not measure any activity at steady state. We spec-
ulate that the desorption step is then too slow, leading to an
accumulation of isocarbenium species on the surface and a
fast deactivation.
SCHEME 2. Isomerization sequence.
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SCHEME 3. Hydrogen activation.

The influence of hydrogen on the isomerization rate may
be rationalized by a second sequence involving platinum
(Scheme 3). Activation of hydrogen on platinum and mi-
gration to the active sites are necessarily equilibrated be-
cause there is no hydrogen consumption in the isomeriza-
tion reaction. We find that the most satisfying rate equation
is obtained by gathering in a single reaction the various
steps of the platinum–hydrogen system: activation, migra-
tion, and conversion into hydride and proton species to-
ward the acid–base sites of the sulfated zirconia. Formally,
this corresponds to migration of hydrogen as a pair of atoms
to reach the acid–base Lewis pair. Indeed, any attempt in
which hydrogen atoms migrate separately on the sites leads
to a rate expression containing a half order for the hydrogen
term. This kind of expression does not fit the data.

Qualitatively, the Pt–hydrogen couple increases the con-
centration of hydride species. Then, it accelerates the des-
orption of isocarbenium ions. Coke formation is suppressed
and isomerization can be observed. Moreover, it accounts
for the positive order at low hydrogen pressure. The de-
crease in activity at higher hydrogen pressure is simply due
to a competition between protons and carbenium species
on the Lewis base sites, X.

The kinetic treatment by the stationary state of the com-
bined sequences is detailed in the Appendix. In the termi-
nation step, we separate the contribution of the hydride
species originating from hydrogen and from hydrocarbon
in two desorption steps with rate constants kt1 and kt2.

XiR+ +YH−Pt
kt1→ X+Y+ iRH

XiR+ +YH−isom
kt2→ X+Y+ iRH

Optimization of the kinetic parameters leads to a very
low value of the ratio kt2/kt1. This yields the final rate
expression

r = k · (RH){
1+ α · (H)+ β

α
· (RH)
(H)

}2 , [2]

where k=Lki (L, number of adsorption sites), β =
(ki/kt)(1+ 1/K), (H) = pressure of hydrogen, and (RH)=
pressure of hexane.

This equation predicts a maximum in rate for a hydrogen
pressure proportional to 1/α. The curves in Fig. 3 are drawn
after optimization of the kinetic parameters by nonlinear
regression. All the data measured on the standard catalyst
containing 0.3% Pt are fitted simultaneously. The fit is very

satisfactory in the whole range of hexane pressures. The
proposed mechanism is therefore plausible.
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Chemically, the low value of the ratio kt2/kt1 means that
the desorption step by hydride species issued from the hy-
drocarbon is very slow and can be neglected. The stability
of these species on the Zr Lewis acid site may be too high to
ensure the termination step in the isomerization sequence.
Only hydrides from hydrogen are active. This is consistent
with the lack of activity in the absence of hydrogen. The se-
quence runs in the presence of hydrogen because the YH−

sites are liberated, presumably by reaction with protons,
which are the counterions of the hydrides formed in the
platinum–hydrogen system.

Besides the rate constant k, the two parameters α and β
are well separated in the rate equation and should reflect
any modification of the platinum–hydrogen efficiency (α)
or of the Lewis acid–base pair (β). The validity of this equa-
tion has been checked on a series of samples with different
platinum loading on the same sulfated zirconia.

INFLUENCE OF PLATINUM LOADING
ON ISOMERIZATION

Platinum loading strongly changes the fingerprint of the
catalyst activity. Figure 7 shows the isomerization rate at
three hexane pressures for the catalyst containing only
0.025% Pt. Compared to the sample loaded with 0.3% Pt
(Fig. 3), the increase in the rate with hydrogen pressure is
much slower, and the maximum shifts to very high hydrogen
pressure. But at a given hexane pressure, the maximum rate
is not affected by the platinum content. The comparison of
catalysts containing various platinum contents is shown in
FIG. 7. Isomerization activity for the catalyst Pt(0.025%)–SO4–ZrO2

at three hexane pressures: 1 bar (o), 3 bar (d), 5 bar (4).
ET AL.

FIG. 8. Isomerization activity at 3 bar hexane over catalysts contain-
ing 0.025% (o), 0.10% (d), 0.15% (.), and 0.50% Pt (4).

Fig. 8 for isomerization run at 3 bar hexane partial pres-
sure. The change in curvature is gradual between 0.025 and
0.15% Pt with a maximum rate shifting downward to about
8 bar hydrogen. Again, the rate at maximum was not af-
fected. Higher platinum loading does not change the pat-
tern significantly. Only, a slight decrease in the maximum
rate is observed. Then, the effect of platinum on isomeriza-
tion readily reaches a limit for 0.15% Pt.

All the curves are fitted with the same rate equation
developed in the preceding section. The effect of platinum is
then quantified by the kinetic parameters. Optimized values
are gathered in Table 1, and the evolution of the parameters
with platinum loading is plotted in Fig. 9. It is first noticed
that parameter β remains almost constant. This means that
the strength of the Lewis sites of the sulfated zirconia is not
altered by the presence of platinum. This is in line with the

TABLE 1

Kinetic Parameters of Eq. [2] for the Isomerization
of n-Hexane on Sulfated Zirconia at 423 K

%Pt k(mol h−1 kg−1) α× 103 (bar−1) β × 103 (bar−1)

0.025 50 1.2 1.9
0.05 46 3.2 2.1
0.10 54 4.5 2.1
0.15 46 6.8 2.0
0.30 43 7.4 1.9
0.50 47 7.4 2.0

0.80 39 7.0 2.1
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FIG. 9. Evolution of the kinetic parameters (Eq. 2) with platinum
content: k (d), α(o), and β(1).

infrared characterization of the Lewis acid sites by CO ad-
sorption shown in Fig. 5. Only, the number of the acid–base
pairs slightly decreases as attested by the values of the rate
constant k. The evolution of the parameter α in the series is
remarkable. For low platinum loading, α increases rapidly
up to 0.15% Pt, and stays constant beyond this value. Ac-
cording to the kinetic expression, α reflects the platinum
efficiency. The variation of α should correspond to a linear
increase in hydride concentration at low Pt loading, fol-
lowed by a saturation. More precisely, the kinetic modeling
indicates that only Pt is able to create the hydride species
active in desorption of the isocarbenium. We think that the
origin of this phenomenon is related to the distinction of
the Y sites able to accept hydride ions. In the development
of the kinetic equation, we assumed already the existence
of YH−Pt and YH−isom sites. It is difficult to understand why
on the same Lewis site Y, YH−isom is unreactive and only the
YH−Pt is responsible for the isomerization activity. There-
fore, we presume that it concerns two different sites. Maybe,
the YH−Pt species can be associated directly with some spe-
cific Pt species. Taking into account these considerations,
particularly substituting (YH−) by (PtH−) in the kinetic
treatment, does not change the final rate expression. The
identification of such a specific platinum species in sulfated
zirconia, which limits the efficiency of the hydrogen activa-
tion, is presently under investigation and is the subject of a
forthcoming publication.

CONCLUSION
The influence of hydrogen on the isomerization of
n-hexane over Pt-enriched sulfated zirconia is modeled
E OVER SULFATED ZIRCONIA 335

kinetically in a wide range of hydrogen and n-hexane partial
pressures by a Lewis acid–base pair mechanism. Lewis sites
are evidenced by IR characterization of the samples. Initia-
tion occurs by hydride abstraction on a Lewis acid site and
the isocarbenium is desorbed by a hydride originated from
dissociation of hydrogen on platinum. The maximum in ac-
tivity with respect to hydrogen pressure is well fitted by a
very simple three-parameter rate equation. The three pa-
rameters of the rate equation reflect the number of sites,
the acid strength, and the efficiency of platinum. In the se-
ries of catalysts examined, the acidity is constant while the
platinum efficiency increases with Pt loading and reaches
an upper limit at 0.15% platinum loading.

This simple kinetic model is a useful tool to guide the
preparation of isomerization catalysts with respect to acid-
ity and platinum efficiency and allows the effect of various
poisons (H2O, sulfur, NH3) and coreactants (naphthenes)
on the catalyst activity to be followed.

APPENDIX: KINETIC EQUATION

The reaction rate is given by the closed sequence
(Scheme 2), in which the isomerization step is treated as a
pseudo equilibrium.

r = r i = ki · (X) · (Y) · (RH)

K = (XiR+)
(XR+)

r = r t = kt · (XiR+) · (YH−)

In the termination step, YH− species are issued from both
hydrocarbon and hydrogen. For sake of clarity, we separate
the two terms, i.e.,

r t = (XiR+) · (kt1 · (YH−)Pt + kt2 · (YH−)isom).

Then ri is more convenient than rt to express the reaction
rate.

The total number of sites X and Y are assumed to be
equal, because the active site is identified as an acid–base
Lewis pair.

Then, LX=LY, i.e.,

(X)+ (XH+)+ (XR+)+ (XiR+) = (Y)+ (YH−).

From electroneutrality,

(XH+)+ (XR+)+ (XiR+) = (YH−),

it becomes
(X) = (Y)

and the reaction rate becomes

r = ki · (X)2 · (RH).

+ +
In the site balance LX, (XR ) and (XiR ) are linked by
the equilibrium constant K, and (XiR+) can be expressed



T
336 DUCHE

as a function of (X) from the equality ri = rt:

LX = (X)+ (XH+)+ ki · (1+ 1/K ) · (X)2 · (RH)
kt1 · (YH−)Pt + kt2 · (YH−)isom

.

We need now to treat the platinum–hydrogen system to
express (XH+) and (YH−)Pt.

Activation of hydrogen on Pt and migration to the active
sites is necessarily equilibrated because there is no hydro-
gen consumption in the isomerization reaction.

The appropriate rate equation is obtained by gathering
in a single reaction the platinum–hydrogen system, owing
to the fact that hydrogen migrates as a couple of atoms to
reach the acid–base Lewis pair.

XY+H2
Pt↔XH+YH−

Since the only source of XH+ is hydrogen involved in the
couple XH+YH−, the concentration of XH+ is necessar-
ily equal to that of the couples XH+YH−. Similarly, the
concentration of the free sites, X, should be equal to the
concentration of the free couples, XY. Then

α = (XH+YH−)
(XY) · (H) =

(XH+)
(X) · (H) ,

which allows us to express (XH+) as a function of (X):

(XH+) = α · (X) · (H).

Consequently,

(YH−)Pt = α · (X) · (H).

The total number of sites becomes

LX= (X)+α · (X) · (H)+ ki · (1+1/K ) · (X)2 · (RH)
kt1 ·α · (X) · (H)+kt2 · (YH−)isom

.

Recalling that (YH−)isom= (XR+)+ (XiR+), we can solve
the second-order equation for (YH−)isom.

Introducing into LX leads finally to

LX = (X) ·
{

1+ α · (H)

+ 2 · β · (RH)

α · (H)+
√
α2 · (H)2 + 4 · β · kt2

kt1
· (RH)

}
,

in which
β = (1+ 1/K ) · ki

kt1
.

ET AL.

Finally, the isomerization rate r i = ki · (X)2 · (RH) is
expressed as

r = ki · L2
X · (RH)1+ α · (H)+ 2·β·(RH)

α·(H)+
√

α2·(H)2+4·β· kt2
kt1
·(RH)


2 .

Optimization of the kinetic parameters leads to a very
low value of the ratio kt2/kt1. Then, the second term under
the square root becomes negligible in front of α2(H)2. This
leads to the simplified rate equation with three parameters
k, α and β,

r = k · (RH){
1+ α · (H)+ β · (RH)

α · (H)
}2 ,

which fits all our data as shown in the figures.
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